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(57) A projection exposure apparatus has an illumi- 
nation optical system 3 for illuminating a mask 4 fomied 
with a pattern with beams of radiation, and a projection 
optical system 7 for forming an image of the pattern on 
a workpiece 8 on the basis of radiation from the mask. 
The illumination optical system supplies an illumination 



radiation having a center wavelength of 180 nm or 
smaller, and the projection optical system includes at 
least one concave min-or, fifteen or less pieces of 
refracting lenses, and four or more aspherical surfaces. 
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Description 

Field of thft in"«n*i"n 

invention relates to a projection exposure apparatus used In a lithography process in a line of 
manufectunng a semiconductor device, an imaging device such as a CCD etc. a liquid c Jdfeplay device or a 
device such as a thin-film magnetic head etc. The present lm«ntlon relates also to a catadioptric oSaf^^rSused 

rjrr " "^tl °' " P^^^^""" ^^^^ P^^^-"* invention ^SZerto 

a projection exposure method using this type of projection exposure apparatus in the lithography procesa 

Background Art 

LsTl i^h.^lT^'^". P^°^^°!'°"/^°«"^« Waratus is widely used for manufacturing an integrated circuit such 
as an LSI. In the reduction type projection exposure apparatus, a reduced image of a mask pattern is fomied on a wafer 

i r««ttt" ' f ''^^^^ ^^'^^'^ ^^^"^ •►^^ ^^Lt year. Tpattem 0^1' 

ntegrated arcurt. which is pro,ect^on-exposed on a semiconductor substrate, has become increasingly h^pert^e anS 

r!.^« ^ °' ^ P™j«^°" ^''POS"^* apparatus be further enhanced 

SlLrt, . ^f^^f*'; ; °' --esolution of the projection exposure apparatus entails increasing a numar- 

«, ST. r ^ I '"'^ <'««reasing a wavelength of exposure radiation, it is h^er 

20 drfflcult in terms of a geometry of the optical system that the numerical aperture NA of fte projection J^flca^sSZ is* 
u^llY " " '^'^ projection optical system is iScTS. a d^ h^f J^s 

usable decreases. As a result, it is difficult to actuafize a theoretically attainable resolution. Tberefora in feet wS 

.SXTura^pVraSs.""'""'"''^""^^^^^ 

^TJL. ^rll'^ T""*' ^ wavelength is 248 nm and an ARF excimer laser having a wavelength of 193 

nm. have hitherto been proposed as radiation (light) sources for exposure. Further, utnbation of a radia«on rtloht) 
source having a wavelength as short as 1 80 nm or less is on the examination. ' ^ ' 

[0005] For example, an F2 laser having an oscillation wavelength of 157 nm exists as a radiation source for emittina 
an exposure radiaUon of which a wavelength is 180 nm or smaller. In the case of using this type oSatloi s^^' 

.r^fn^gS So^ToiTdf r "'^ r " ^" ^''•^^'"^'^ "'""^'^ ^'"-^ °' thm transmitte^ms hS 

tne wavelength of 180 nm or under. Second, there are very few substances appropriate to be taken for an anti-reflection 

film, and hence it is difficult to fom, a preferable anti-reflection film. Consequently, a radiation rSe-Jance on eSte^^ 
optical system requinng a larger number of lenses. luuon projecnon 

35 [00061 Further, there ara limited types of refracting optical members usable for short wavelength beams havina a 
wi^h nfT r """"^ « ^^u-"' depending onTvileS 

rials (optical materials) can be used for the refracting optfcal member. a"cs^maie 
[00071 By the way.'in the case of the Fg laser, there exist neither a refracting optfcal member nor a reflectina ootical 
ZT!J^ "7" °' ''"^"^'^ ''^ oscillation wavelength barS. Consequent J rsee^^reS 
1"^.? . l"^^;?'''^'^*''^'"'*^*'**"^2laserthanlnthecaseofaK^^ 

mer laser. An intensrty of the F^ laser that has already been utlHzed Is small, and consequently an intensHv of the exoo 
sure radiabon. andmora essentially, an exposure speedtend to further decre^^ 
.5 SjeJJflsers" ' """"" "^'^^"^ '"^'^^'^ ^P-'^ *° theLrrowed bLnlan'S 

[00081 AnaturalwavelengthwidthoftheF2laserhavingawaveiengthof157.6nmis.howeverbyfarsmallerthan 
feduLe^dr; excimer laser etc. and hence a full width half maiimumS JlaTe ^Lnt 
reduced down to 20 pm or under by slightly narrowing the band. For Instance. Lambda Physik. Inc. (Germany) SibS 
sTmolv tilt:? I is 10 pm and an output is 1 0W as NovaLine TlilFSofby comp ra S 

eS;Ji f ndl H T ^ "^"^ ^ °' '^'^ "-^^^ »° increase an exposure 

thf!.h T t" '"'"'^'^ °' ^"^ '° "^^'"^^ ^^n"- thfe case. In the pmjectlon optfca3 

mnnM ^ pm by adding a band narrowing element with respect to the Fg laser 

™„i«„ . ^ «'P'a>"e«« however, the types of the glass materials utilizable are strictly limited in the wavelenoth 
system. Further, an .ntemal absorption and a surface reflection might occur in the lens elements in this wavelen^ 
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T^oLnn ™tl®rT'f ' '*^^«'«"9th beams of 1 80 nm or smaller such as the laser beams exhibit a hioh 



10 



the optical system by avoiding the radiation absorption by the air. 
DiSCLOSURF OF THF iNVFNTf^r' 



" ~~~^£r— ^^^^^^^ 

KSl In Jh! nr«i^^-°" '"""""'^ ^^"^'^'"^ ^'^"^ ^^P^**' ^"^'^"g may contain fluorite 

tS.l7inZZ "'^ "^^^e fomiing optical system, and the a^Srtil^op nl be 

posffioned m the second image forming optica! system ^ ^ 

" S.JL^,""',''- "T B . second „,m, p,e»„, ,„,.„,„, , ^pi^o opBM 
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so positioned as to correct substantially a chromatic aberration of the projection optical system with respect to the illu- 
mination radiation. 

[0025J To accomplish the third object, according to a fourth aspect of the present invention, a projection exposure 
apparatus comprises an fllumination optical system for illuminating a mask formed with a pattern with beams of radia- 

5 tion, and a catadioptric type projection optical system for forming an image of the pattern on a workplace on the basis 
of beams from the mask. The illumination optical system is constructed to supply an illumlnatton radiation having a 
center wavelength of 180 nm or smaller and a full width half maximum equal to or smaller than a predetermined value 
The projection optteat system includes an optical member exhibiting a refracting power, and a radiation transmissive 
optical member, disposed In dose proximity to the mask, for separating the optical member exhibiting the refracting 

to power from an outside atmosphere, and a spacing between the mask along a direction parallel to the optical axis of the 
projection optical system and the radiation transmissive optical member, is set to equal to or smaller than 50 mm 
[0026] In the projection exposure apparatus according to the fourth aspect, the radiation transmissive optical mem- 
ber may have a plane-parallel plate. In this case, the plane-parallel plate may be so provided as to be exchangeable 
[0027J In the projection exposure apparatus according to the fourth aspect, the full width half maximum of the illu- 

15 mination radiation may be equal to or smaller than 20 pm. 

[0028] In the projection exposure apparatuses according to the third and fourth aspects, all the lens elements and 
ttie concave reflecting min-or constituting the projection optical system may be disposed along a common optteal axis 
[0029] In the projection exposure apparatuses according to the third and fourth aspects, the projection optical sys- 
tem may be constructed of only one concave reflecting mirror, a plurality of lens elements and one or a pluiality of flat 

20 reflecting mirrors. ' 

[OMO] In the projection exposure apparatuses according to the third and fourth aspects, the full width half maximum 
of the Illumination radiation may be 2 pm or smaller. 

[0031] In the projection exposure apparatuses according to the third and fourth aspects, the projection optical sys- 
tem may include a first image fomiing optical system for forming a primary image of the pattern on the basis of radiation 
beams from the mask, and a second image fomiing optical system for fomiing a secondary image of the pattern on the 
workpiece on the basis of radiation beams from the primary image. In this case, the projection exposure apparatus may 
be constructed to satisfy the following conditfon: ' f y 

0.7 < h1/h2 < 1.4 

where hi is a maximum clear aperture diameter of the lens of said first image forming optical system, and h2 is a max- 
imum clear aperture diameter of the lens of said second image forming optfcal system. 

[0032] To accomplish the fourth object, according to a fifth aspect of the present invention, a projecOon exposure 
apparatus comprises an illumination optk»l system for illuminating a mask fomied with a pattern with beams of radia- 
tion, a catadioptrte type projection optical system for forming an image of the pattern on a workpiece on the basis of the 
beams from the mask, a first image forming optical system, composed of a concave reflecting mirror and a refracting 
optical member that are disposed along a first optical axis, for fomiing an intemiediate image of the pattern, a second 
image fonning optical system, having a refracting optical member disposed along a second optteal axis for forming a 
reduced image of the intermediate image on the workpiece, a first optical path folding member disposed between the 
first image fomiing optical system and the second image forming optteal system, and a second optical path folding 
member disposed between the first optical path foMIng member and the second knage fonning optical system The first 
and second optical axes are parallel to each other, and the refracting optical member is not interposed between the first 
and second optical path folding members. 

[0M3I According to the fifth aspect, the reduced image may be formed in parallel to the pattem surface, and the 
first and second optical axes may be positioned substantially in parallel to a direction of gravity 
[0034] An exposure method of illuminating a mask with an exposure radiation and projecting a pattem on the mask 
on a workpiece through a projection optfcal system, comprises a step of forming an image of the mask pattem on the 
workpiece by use of the projection exposure apparatus according to the first or third or fourth or fifth aspect 

» BRIEF DESCRIPTION OF TH E DRAWIiy fiS 
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FIG. 1 is ari explanatory conceptual view showing an outline of a basic constmctfon of a projecMon optical system 
Of a projection exposure apparatus in an embodiment of the present invention- 

FIG. 2 is a view showing an area usable for forming an image on a wafer W in U^e embodiment of the present imren- 
iion. I.e.. a usable area FR and an exposure area ER used for an actual exposure- 

FIG. 3 IS a view showing an outline of a whole construction of the projection exposure apparatus in first and second 
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embodiments of the present invention; 

FIG. 4A shows a lens layout of the projection optical system in the first embodiment, and is a sectional view taken 

'° r '"^''^ -"^^'-^ - ^^-^ connerain. 

cave reflecting min-or M2 to a wafer surface (image surface): FIG. 4B corresponds to FIG. 4A. and Is a sectional 
v,ew taken a^.ng the plane parallel to the mask surface, containing the optteal axisconnecthgttie «»ncave reS 
ing mirror M2 to the wafer surface (image surface); ™ng me concave renect 

emboiminr ^"'""^ abenation, an astigmatism and a distortion in the fi.^ 

,0 Fir 1° ®° ^? ^T"* ^^'^ ^ aberration (meridional coma) in the first embodiment: 

FIG. 7A shows a lens layout of the projection optical system in the second embodiment, and is a sectional view 
aken along the plane perpendicular to the mask surface (object surface), containing the opticallds tSSneS 
the concave reflecting mirror M2 to the wafer surface (image surface); FIG. 7B coSesponds to RG 7A Z fe a 

rr^Tgivrnrr^r:?^^^^^^ 

" ^i®„dii°t^i^„fP''^*^"*respect^^^ 

^° ^'l ^^"^ ^'^°^i"9 t'^e lateral aberration (meridional coma) in the second embodiment- 

Tna thf 7^ ^ ^''^ P^^^""" "^'"^ embodiment, and is a sectional view taken 

?i?XoX.rC"B: ^'^^ " "^"^'"^ ^^"^-^ - ^ 

tSird'embodlSem; ^'^""^ '"'P""""^'^' ^P''^^"'^' a''«'^"°". '^e astigmatism and the distortion in 

^ Fi'?^; J *° ^"^i ^'^''^ aberratton (meridional coma) in the third embodiment 

FIG. l4showsalenslayoutofthe projection optk^lsystemlnthefourthembodimenUndisasection^^^^^^ 

Fl'?i 7 rjL'f ^? aberration (meridional coma) in the fourth embodiment; 

InventiLr ''"^ ''"""^""''"^'"''"''^^^^ 

tSh 'e^,S,i?r?emf ^'^"^ ^"^^^l aberration, the astigmatism and the distortion in 

cl^\^^'^ *° ^"^^^ showing the lateral aberration in the fifth embodiment- 

P^2en?i!rve''nJ^°"^' "'"'''^""^ ' embodiment of the catadioptric optical ;ystem according to the 

theLli'eriboimem:^'^''''^'''"'^'"^' ^P''^"^' aberration, the astigmatism and the distortfon In 

cl^c 220 are graphs each showing the lateral abenatton in the sixth embodiment; 

FIGS. 23A to 23D are graphs showing the lateral abermtlons in a plurality of wavelengths in the sixth embodiment; 

pSenI tvelZT" ""^'"^ ^""^"^'^ ^" embodiment of a device manufacturing method according to the 
EMBODIMFNfTP 

-^^ T®?,* °" "'^ P**""*® *^a* ^^"iation having a wavelength of 180 nm 

bla^of ' "J^^ ^"J T f ^ ^'"^ "sable o^UcS glaLes 

laT;vI^ rST'" K '° " "'^"'"^"'^ « ""'te difficult to Obtain the pmSS- 

cal system constructed of only the refracting optical system. «ininBprD,ecnonopn 

SJi In ?J ""^'^ "® ^® ^^"^^ *° construct the projection optical system by use of only a r«flectinq 

tton n»«^^. " °' ^""^'=""9 '"""^ are required, whfch leads to a scale-up of mTprS 

h^oSrSl r?*°r''''^^""^"^^ however, extremely dlffi^ltoobtera 

tot; To^ T^T of "manufacturing. Further, a reflectance of the reflecting surface with V^^ 

to the short wavelength region of 1 80 nm or under, is small, and hence there is a large loss of raLlon quSyTS 
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multiplicity of reflecting surfaces, with the result that an exposure speed (throughput) decreases. An image area usable 
on a photosensitive substrate. I.e.. a usable area is narrow, and it Is therefore difficult to ensure a rectangle exposure 
area as an area actually used for the exposure, which seems undesirable. 

[0038] Such being the case, the present invention adopts a technology by which a reduction projection optical sys- 
tem IS constructed of a so-called catadioptric optical system configured by combining a reflecting system with a refract- 
ing system, composed of an optical glass usable for a wavelength in use. 

[0W91 Generally speaking, when using an aspherfcal lens Instead of a spherical lens, a degree of freedom for cor- 
recting an aberration increases, and the number of lenses for use can be reduced. That is to say. the use of one sinqle 
asphenca surface In a proper place is capable of con^ting surely partially one kind of aberration, and hence the 
number of lenses for use can be decreased con-esponding to this correction. Accordingly, when using a larger number 
of asphencal surfaces, a larger effect In con-ecting the aberration is obtained, and it follows that the number of lenses 
ror use oecreasss. 

K'whJ' « go«* oP«on that the multiplicity of asphencal surfaces are used limit- 

lessor. When the asphencal surfaces are applied to a considerable number of surfaces, the effect gradually declines 
Further, taking the difficulty of forming the asphencal surface into consideration, it is required that a higher effect be 
obtained with a smaller number of aspherical surfaces to the greatest possible degree. For attaining this, it is inevitable 
that an applied place be strictly selected. a . * movaaum 

[0041] Under such circumstances, according to first and second aspects of the present invention, one aspherical 
su^e IS providedin the vjcinity of an aperture stop inordertocor,^^ 

surface IS provided .n the vicinrty of the fi,^ surface or in the vicinity of an intemiediate Image in orter to correct a dis- 
tortion n«rt. Further, one aspherical surface provided between the aperture stop and the image in order to correction a 
maHsm ^^^'^^ ^""^ '« P"»V*d between the first surface and a concave mirror in orderto correct an astig- 

• J^"^' *" ^"^^^ '^^ '^""^ providing at least four aspherical surfaces, and the decrease 

in the radiation quantity can be minimized. 

Ik"*^! w aberration as a final aberration can be completely corrected by such a characteristic of 

the catadiopfric optical system that Petzval sum can be reduced down to zero. Further, another characteristic of tf,e cat- 
SteT*' ^^^"^ '''^ chromatic abenation is small, and all the aberrations can be preferably thus cor- 

[0044] As discussed above, the aspherical surfaces in configurations suited to the purposes thereof are disposed 

ZIhT^ " Tk '° """P"^^" ^''^'^y ^ abeTOtions can be simultaneous^ cor- 

rected. Thus, as will be demonstrated in embodiments of the present invention which will be described later on it is fea- 
sible to obtain a drastically down-sized projection optical system with a remarlcably reduced number of lenses That is 
according to the first and second aspects of the present invention, the maximum effect can be obtained by use of the 
minimum number of aspherical surface elements. ■ 
[00451 As a matter of course, it is possible to correct residual aberrations such as a high-order coma and astlona- 
Le'ILrtherTi^leLVd ^^^^"^"^^ ^""^^^^ ssphencal surfaces, whereby the number of lenses^n 

[0046] Now, in the using wavelength region on which the present invention is based as the premise, the categories 

sliir^teri jll^'tZ* f J"*' ^'^^ ^ " ^' '^"^'^"^ '^'^^ fo"^ from the 

same matenal in terms of reducing a manufecturing cost 

[0047] In this case, the material of the refracting lens is preferably fluorite among the usable lens materials in terms 
of manufacturing easiness, availaWnty and performance. 

^ f P'f above. If all the refracting lenses are form from the same material. It Is preferable that an Mu- 
minafion radiation (exposure mdiation) supplied by an illumination optical system has a full width half maximum of 10 

pm or smaller. 

i""!?^ ^ AccoiTJIng to the first and second aspects of the present invention, the projection optical system is preferably 

an optical path between the mask and the Intemnediate image thereof, and a second image fomiing optical system dis- 
posed on an optical path between the intemiediate image and a workpiece. It is preferable that at le^t one of the first 
and s^ond image forming optical systems Includes one concave mirror, and the other includes an aperture stop In this 

system (or the projection optical system includes only one concave mirror) 

tS- n.lZ "^""^ ^ * ""^ ^ ""'"^^l ^P«^"^ NA of the illumination optical sys- 

em to a numerical aperture NA of the projection optical system has been set variabte corresponding to a type of a rat- 

SSdlonM^«T^ '"JT" "^^^^ '"'"""S "P'*^' «P«rt"« «t<V is ciSied ^a 

catadioptric optical system, an effective stop InstaBation area can be taken nowhere 

[0051] There has been proposed in recent years a contrivance that a resolution-enhancement is obtained by dis- 
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absolu?ely be disposed ^ " ^y^'^-"' '^^^ P"P" "'ter can not 

is constructed in?his c^se is a t^tee Laae fe^^^^^^ TT"*'' "^"^ ""^^^ '°""'"9 "P'''^^' ^Vstem. What 
an intemiediate ^ma^'Zll^u^^^^^XT ""^'''V' '"^ ""^^^ '""^'"^ "P"-' ^^^em forms 
the second surface. arene^Ts^^s^l ^df T"^^ '^"^ intermediate image on 

system to the second SaTformS oS sZL^d Zl^T " '""^ '"^ ""^ """^^ 
'0 reciprocating optical system of a^ZZ^ rfrl^" T ""«9« '"""'"S opBcal system is constructed, as a 

and'refiectin'g L^Ln'tr f^ ^^^^^ "^^^ o^'-'*'^ -<*'a«on beams upon 

Ed. the'S?^ SorLSltra'^r^er'T^^^^^^ ' ^'^-^^^^ ''^^ ™ "^'-^ - ''^ 



30 



35 



e«s " " "» I-™ I" »» «-^',^!iz:z 

lna*M on the negaSe te^^ »<»»««"aS»»nmglh.p««„o,«. to» er nickening «» nMatMn be«na 
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[0062] If the power of the negative lens Is strengthened, however, a radius of curvature of the lens surface 
decreases, while an angle of Incidence of the radiation beam Increases. As a result, a high-order aberration may occur 
and it is difficult to eliminate the aberration other than the chromatic aberration. The aberration in the case of strength- 
ening the power of the negative lens can be, however, eliminated considerably effectively by introducing the aspherical 

5 surfaces. 

[0063] On the other hand, when thicl^ening the radiation beams of incidence upon the negative lens, the axial chro- 
matic abenBtlon can be relatively easily removed. If the radiation beams of Incidence upon the negative lens are thick- 
ened, however, an optical element such as the lens and the reflecting mirror increases In size, and it is difficult to 
manufacture this optical element with a required accuracy Accordingly, there is a limit In thickening the radiation beams 

10 of incidence upon the negative lens. 

[0064] Next, a contrivance of restraining the axial chromatic aben^tion in the refracting optical system may be a 
construction, wherein the lens power is weakened, or the radiation beams of incidence upon the lens are not thickened 
reversely in the case of the catadioptric optical system. What Is disadvantageous for attaining this is an existence of the 
negative lens by which the radiation beams of Incidence on other lens are thickened, and the power of the positive lens 

15 needed increases. Therefore the use of the negative lens in the refracting optical system should be restrained. In this 
case, however, the spherical aberration can not be eliminated only by the spherical lens, and hence there is a necessity 
of using the aspherical surfaces. When introducing the aspherical surfaces, there is an advantage in which the aberra- 
tion can be restrained with a less number of lenses than in the spherical system. Even if the aspherical surfaces are 
introduced, however. Petzval sum can not be adjusted only by the positive lenses, so that a field curvature Inevitably 

20 occurs. The field curvature can be, however, canceled by the effects of the negative lens and the concave reflecting mir- 
ror in the catadioptric optical system. 

[0065] From the reasons elucidated above, according to a third aspect of the present invention, the catadioptric 
type projection optical system is used for attaining the conrection of the chromatic aberration over a wavelength width in 
a broadband on the order of 10 20 pm also in a wavelength region as short as 180 nm. Then, the catadioptric type 

25 projection optical system is constructed including the concave min-or. It is therefore possible to correct Petzval sum with- 
out causing the chromatic aberration by this concave minror and to enhance the chromatic aberration correcting function 
of the negative lens in the projection optical system. Moreover, according to the third aspect of the present invention it 
is feasible to decrease the number of reflecting surfaces that bring about a loss of the radiation quantity in the wave- 
length region of 180 nm or under, and hence the decrease in the exposure speed (throughput) can be restrained. 

30 [00661 On the other hand, the whole optical system including the mask (reticle) and the wafer is constructed in a 
gas-proof or air tight state in order to avoid a radiation absorption by the air, and it is preferable ttiat this is replaced with 
an inert gas such as helium etc. the mask and the wafer are, however, repeatedly moved during the use of he projection 
exposure apparatus, and It is therefore difficult to construct the entire optical system including tfie mask and the wafer 
in the gas-proof state. 

35 [0067] This being the case, according to a fourth aspect of the present invention, radiation transmissive optical 
members are disposed in the vicinity of the mask and in the vicinity of the wafer, and an area extending from the optical 
member m the vicinity of the mask to tiie optical member in the vicinity of the wafer, is kept in the gas-proof state in order 
that other optical members (inclusive of a lens, a concave reflecting min-or, a convex reflecting mirror and a dlffractive 
optical element) having the refracting power are separated from the outside atmosphere. 

io [0068] Generally, the lens Is disposed in close proximity to the wafer in the projection optical system so that the 
radiation transmissive optical member is added in the vicinity of the mast in the fourth aspect of the present Invention 
Note that the radiation transmissive optical member may Involve the use of a lens or a plane-parallel plate When using 
the plane-parallel plate easy to handle and work, tiiis planei^arallel plate can be comparatively easily replaced while 
keeping a perfomiance of the optical system even if the surface is contaminated. If an interior of the projection optical 

15 system is kept in tiie gas-proof state, where dusts are adhered is limited to a portion exposed to the outside I e the 
mask-sided plane-parallel plate and the wafer-sided lens. According to the present Invention, a durability and a rnaln- 
tainabihty of the projection optical system can be enhanced by replacing the mask-sided plane-parallel plate to which 
the dusts are easily adhered. 

[0069] Further, even after completing an assembly of the projection optical system and a rough adjustment thereof 
the various residual aberrations in the projection optical system can be corrected by effecting fine working on the sur- 
face of the plane-parallel plate disposed in the vicinity of the mask. Especially in the case of a reduction type projection 
optical system, the distortion can be effectively corrected by effecting the fine working on the plane-parallel plate dis- 
posed in the vicinity of the mask. 

[0070] Note that the plane-parallel plate may be added in the vicinity of the wafer as the necessity arises In this 
case, the spherical aberration and the coma can be effectively corrected by effecting the fine working on the plane-par- 
allel plate disposed In the vicinity of the wafer. 

[0071 ] In the fourtfi aspect described above. It is preferable that the full width half maximum of the illumination radi- 
ation be 20 pm or under. 
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be disposed along the common Tpti^i 2s tnTiS^^^^ optical system 

structed only of only one conZe rSinZi^o ror^lJ^^' "P"'^^' ''^ 

5 mirrors. ^ ^ P'^'^''^^ °' and one or a plurality of plane reflecting 

ofthepatternonti,e'bLbo,tl,eraiSe:i"^^^^ 

ing, on a workpiece. a secondary imaoe of theDflit^m . a second image fomiing optical system for form- 

[0074J AsdescribedTiTnVheca^^^^^^^^ 
image of ti,e mask panernandreltond^^^^^^^^^ 

partem on tiie basis of the radiation beams f mm thil nZ! ^ ! ««»"<*ary Image of the mask 

as the exposure area (or a field area on the Zw ^eSnTd o^„ r'''!'' '° ^''^ °P"=^' 

is preferable. In this case, as compared withTo^tSr^tl ' ^" '"'"^'''■^ °P«^«' ^V^te"- 

'5 is used as the exposure ;rea <thTa«a ^tSe Sel^S vS 1 °o"t«'"'ng the optfeal axis 

that an image areal size is ensur^dTmad ^eJIrSeil^l Th ■"'^""venience in which it Is relatively difficult 

mdiatlon quantity is smalt aTragnS^iwrhtah b«l. ! T """ff"' advantages, wherein the decrease in the 
image, and the manufacturing oreachrhromi^?!^^^^^^^^ "° 'T"'"^ °' 
mentioned construction (in th'e l^T^Z oSSl^Ta^ 
towardtheconcavemlmjr and the radiation bea^rft?'oj;<^^^^ 

a beam splitter. Note that it is difficult to ntam^Zr^^n^TZ,^^ T ''^'^ ^« "^''O"* "^ing 

having the wavelength as shortas i SoZor JJSer on Z k J ^ transmittance with respect to the radiation 
difficult to manufacSre^JaSeng h Plate Ld t ^'c^Z^^^ ^f!^'""' """^ P^«"*«- « ^ also 

respect to the radiation havinr'he fho! wLerengthTl^^^^^^^ T ^"""3 ^ ^^'^^"^ ^^P^™**" 

struction (in the case of the off-axis useMhe od£i ^U^^^k ^ H"^^"' ^^'^ above-described con- 
the reflecting mirror, and hencerreSg L So'Sl? n^^^^^^^^^^ " ^ °' 

fact that some of the Image fomiing radlaUon bearn^ra sWeWeJ bJ I fTf Pf '^^^ ''^•^""es due to the 
in the optical path of the image foLng optic^rs^^ '^^-l^ 1 ^ '^'^^"^"^ "^'^^r 

transferred with a high precision. ^ Accordingly, th.s ,s advantageous when the circuit pattern is 

Sble .h^tSrSrSSlSTa^rm^?^^^^^^^^ r ^^^^ P--» it is 

equal to or smaller than 2 pm An atJ^TtToe J '"^P"^*' illumination optical syster^ be 

or under, is that the numbeTof the S^^^^^ T""""" •^^'^«°" 2 pm 

tance of the projection optical system ftseT^aT be f^XT^oZ? hT'"' '"'^'"^ ^ 

■ enhanced while restrainlngthecLform^^^^^^^ exposure speed (throughput) can be 

arrangement, it is feasible to substantiairomvent rh. iJ„«f . w ^ ' P*'^"*' *° ^^ch other. With this 

optical axis. and. even ren^sS^ oTril^l k '^^'''""'"^ ^^'"'netry with respect to the 

jection opt.a, system andre^aSsrof re ^sretreTitl";"^^^^^^^ ^^^^ P- 

aberration that is corrected with a difficulty when rnanuteSISl iLo^StJ P'!^"i=" occurrence of an asymmetric 
aspect of the present inventton. be formZ7la^^J^;^„'*'T^ '^^""^ " P^^'^'^'^ the fifth 
positioned substantially in parallel wit^^e ^,Sn o7^Z '^"^ °P"*^' 

Sprrrbi^Se^zr 

takes a rectangular shape. Photosensitive substrate through the projection optfcal system 

SremboTmenr "^''"^'"'^ '''^^ « P-Jecfion optica, system In each 

S^UTCe^ro^h^;^^^^^^^^^^^ 

side), with an intemiediate imaoTl bin meZed thlh ^ °" (the wafer 

firat image forming optfcaf system con^Ssed STe c^t/f '"«9e I is fbmied by the 

from the mask R. A mask plT^mlo^sMon^^T^^^ ^"""^ °" ""^'^ °' "^^"^^ 

a., the refecting optical membera and refLngoptUrr^rdC^^^^^^^^ 
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the optical path, are disposed on the optical axis. In the following discussion on the catadioptric optical system A and 
the refracting optical system B, it is assumed that the reflecting surface of folding the optical path is removed. 
[0082] The catadioptric optical system A is constructed of a plurality of lenses (G 1 . G2), and one concave reflecting 
mirror (M). The optical axis of the catadioptric optical system A Is folded back by the concave reflecting mirror M. A 
mask R's surface defined as an object surface is required to be set off the optical axis (decentered) in order to avoid an 
interference of the radiation beams due to the folding-back of the optical path at the concave reflecting min-or M, i.e., for 
separating the radiation beams incident upon the concave reflecting mirror M from the radiation beams exiting the con- 
cave reflecting mln-or M. Further, the surface of the wafer W is also required to be decentered from the optical axis cor- 
responding the eccentricity of the mask R from the optical axis. 

[0083] The concave reflecting min^r M Is disposed In the vicinity of a position corresponding to the aperture stop 
of the catadioptric optical system A, and It is preferable that the optical system be constructed substantially in symmetry 
about the concave reflecting mirorM and having substantially an equal power in order to restrain well an occurrence 
of the aben-ation. 

[0084] A lens unit G2 exhibiting a negative refracting power as a whole is disposed in a position closest to the con- 
cave reflecting min-or M In tiie catadioptric optical system A. Note that the lens unit connoted in this specification is a 
concept broad enough to embrace one single lens. This negative lens unit G2 corrects well the on-axis chromatic aber- 
ration occurred in the refracting optical system B. It is desirable for correcting well the chromatic aberration in a broad- 
band in the projection optical system having a broad field of view that the negative lens unit G2 involves the use of an 
aspherical lens or a plurality of lenses. 

[0085] A positive lens unit (constructed of at least one piece of positive lens) G1 exhibiting a positive refracting 
power as a whole, is disposed in the optical path between the negative lens unit G2 and the mask R. The positive lens 
unit Gl incorporates a function of giving a telecentricity to the radiation beams from the mask R. whereby a resisfivity 
against a fluctuation of focus on the object side (mask side) is given. The positive lens unit Gl Is useful for eliminating 
the distortion and preventing an over-occurrence of a curvature-of -field aberration in the intermediate image I. 
[0086] It is preferable that the various aberrations excluding the chromatic aben-ation be well corrected in the inter- 
mediate image I fonned by the catadioptric optical system A. If decreasing the number of the lenses constituting the 
catadioptric optical system A, however, it is inevitable that the aben-ation such as the field curvature aberration remains 
uncorrected to some extent in the intermediate image I. 

[0087] On the other hand, the refracting optical system B is constmcted of a positive lens unit G3 disposed on the 
mask side and a positive lens unit G4 disposed on the wafer side, witti an aperture stop S being interposed therebe- 
tween. That is, the refracting optical system B is classified as an optical system constructed of only a refracting optical 
member such as a lens without including the concave reflecting mirror. In the catadioptric optical system A, the aperture 
stop can not be disposed in the optical path because the optical path being folded back by the concave reflecting mirror, 
and therefore the aperture stop S in the projection optical system is disposed in tiie optical path of the refracting optical 
system B. 

[0088] As discussed above, it is advantageous for restraining well the occurrence of the axial chromatic aberration 
in the refracting optical system B that the radiation beams incident on the lens do not become to thick. In this case also, 
however, the variety of aberrations occur due to tiie strengthened lens power, and hence It is preferable that a size off 
clear aperture diameter of the lens satisfies the following conditional formula (1 ) 

0.7<h1/h2<1.4 (1) 

where hi is a maximum clear aperture diameter of the lens of the catadioptric optical system A defined as the first 
image forming optical system, and h2 is a maximum dear aperture diameter of the lens of the refracting optical system 
B defined as the second Image forming optical system. 

[0089] If under a lower limit value in the conditional fonnula (1), a value given by h1/h2 becomes too small, and it is 
difficult to eliminate the chromatic abenation, which is unpreferable. 

[0090] Whereas if over an upper limit value in the conditional formula (1). the value given by h1/h2 becomes too 
large, and the refracting optical system B becomes hard to correct the spherical aberration etc. or the manufacturing 
falls into difficulty because of tiie optfcal members of the catadioptric optfeal system A becoming too large, which is also 
unpreferable. 

[0091] Note that even if falling within a range that meets the conditional formula (1 ), it is advantageous to use the 
aspherical surface in order to correct the aberration in the refracting optical system B. 

[0092] As discussed above, in tiie projection optical system, shown in FIG. 1. of the present invention, there exists 
a necessity of separating the radiation beams incident upon the concave reflecting mirror M from the mask R in the cat- 
adioptric optfcal system A from the radiation beams reflected by the concave reflecting minror M and traveling toward 
the refracting optical system B. As a result, an area usable for fomrilng tiie image on the surface of the wafer W, viz., a 
usable area FR is, as shown in FIG. 2, an area that is half a circular area with an optical axis AX being centered, from 
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Which the aberration is removed. Then, according to the present invention, an exposure area ER used for an actual 
exposure ,s defined as a rectangular area into which a boundary area proximal to the optical axis AxTemoveVS 
e g., he semic.«;uiar usable area FR. Corresponding to a configuration of this exposure area Tn area of «e,d of 

[0093] n accordance with the embodiment of the present invention, an optical member PI exhibiUno a mdiation 

In n T "L^ ^ P^^'*' *° "P"**' of the projection opteatsvs em an^ tSe 

P lane-parBllel plate Pi. Is set to 50mm or smaller. A radiation transmissive optical member fS suK 7SaZ TlZ 

platemay be disposed in the Vicinity of the waferWas the necessity arises. aLixJiJ^^^^^ 
extending from the plane-parallel plate P1 disposed in the vicinity of the masic R to the pZ?^ ie X^^^ 
closest to the wafer) disposed in the vicinity of the wafer W. is kept in the gas-pmof stSte.^dC bl fiS S^^^n nert 
fZ.T T^'""^ """"S*" "^^^'^ "^'^ ««> Absorb the exposure mdiatton 

[0094] That IS to say, excluding a narrow optical path between the mask R and the plane-Darallel olate Pi anri a 
nan-ow optical path between the waferwand the an optk«l member vidnal to this wafe^W^^^^ 

C^^ZuT""' "if '° r '"^^ 9- asTeLmSrs^hali to S 

*e radiation. As a result, even when using short wavelength radiation like laserbeams for an exposL ^iatiJTfte 

enharlcL^'"'^*'" ^^'^^ ^"'^ ^ "^^^ efficien'cy of the projecu" oS^Sm "^te 

Sfp^'iPoor^^r'"' '? °' "^'"^ ^''^ """^ wavelength radiation having a wavelength of 180 nm or under such as 

the laser beams for the exposure radiation, it follows that-the narrow optical path between the mask R and tL nbn! 

a e wied w.^ the inert gas. On these optical paths, however, a movable mask stage 6 and a movable wafe? ^« 10 ' 

oa^Ti L^" P?'".H 'f °' '"'"""^ "P"''"' P^*^ from the plane-parallel pteteP to the ^iSTe 

parallel plate P2 or the lens closest to the wafer) inside the projection opttoal sysL due to a Ltter of oreLe id 

wa^r ^^JT^T^ even if all the optical paths from ft^alk R dZto^^e 

dY„r r "P""^' P**' ^""""^ « ^'^Sree Of cleanness can be remarkaWy shortened 

H^/^? '""♦her words, it is feasible to separate the optical path with the low deq ee o^ clean 

:» therefore urther enhance an effect of reducing the loss of the radiation quantity. ^ 

30 [0096] Herein, if a spacing between the mask R and the plane-parallel olate Pi (which te an nniirai m».„h«., f„, 
ajating the optica, member disposed in close proximity to tfe mask and ht!ng hi reSSl\";SS^3me ^^^^^^^^ 
T^TlV '".^ °P"°^' 60 mm, as descSS aboZ ^he optal 

Soi::i?;~ 

f« " ^^^."^ " plane-parallel plate Pi in the direction parallel to the ootical axis 

SiZe pH ;V " '° f'^" "^'^ ^^^^ '° '"•^'^-^ mask stag^w^hThep'la^^^^^^^ 

allel plate Pi , and it Is also difficult to enhance the accuracy of the mask stage itself, which is not preferable If the smt 
ing benveen the mask R and the plane-parallel plate Pi in the direction parallel to the XlTb ^smX 

o.«^,> Z^I Z "^"^"^ " plane-parallel plato Pi Tn the direction paraHel' 

the hT °' T^"*'- ^ lmpn>vement of the existing mask stage Is not suS fo^^^l 

m^af ?^'!" ^ * " ^"'^ plane-parallel plate Pi . This is also unpraferable. ^ 

.^fffth *''P'*"f «^°ve. the durability and the maintainability of the projection optical system are ameliorated bv 
^ use Of the plane-parallel plate, and the residual aberration can be corrected afier asselingTe pTo^^CtSC' 

[0099] Embodiments of the present Invention with respect to numerical values will herelnafterbe described. 
[First Embodiment and Second Embodiment] 

Sd embSmJ^t! "IZ '^"^'""^ f °' ' ""^^'^ '^""^•^^'o" of the projection exposure apparatus in first and 

J^ofl? T ? !u '"'='d«"t«"y. "-eferring to FIG. 3, the Z-axIs is set inrdirection of normal 

o the^j! «afer surface the X-axis is set in parallel to the sheet surface in FIG. 3. and Ihe Y-axis is set pemendicuZ 

«f wlL '^*.P™J«'"°" «*P°^"^« Wa'at^ illustratedtheraln, beams emitted in the Z-directlon from the F, laser 1 
hlr««^. ''^"♦^^vuavelength is 157.6 nm), ara deflected in the X-direction by a defleciZ m^r 2^d 

t^thf ii.^ ? ^'"^'^ '""^'■2 "'"strated In the optical path from a radiation source 1 down 

to the illum,natK.n optical system 3 in FIG. 3. however, in fact, if the radiation source 1 is separated fmmTe prcJeZ 
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exposure apparatus body, there are disposed optical systems such as an auto tracking unit for orienting the laser 
beams from the radiation source 1 always towards the projection exposure apparatus body, a beam profile adjusting 
optical system for adjusting a beam profile of the laser beams from the radiation source 1 to a predetermined size 
and a predetermined configuration, and a radiation quantity adjusting unit. Further, the illumination optical system 3 
shown in FIG. 3 includes optical systems such as an optical Integrator, constructed of, e.g., a fly's eye lens and an inter- 
nal reflection type Integrator, for forming a planar radiation source (a surface llluminant) having a predetermined size 
and a predetermined configuration, a field stop for defining a size and a shape of an illumination area on the mask 4. 
and a field stop Imaging optical system for projecting an image of this field stop on the mask. In an example shown in 
FIG. 3, a space between the radiation source 1 and the illumination optical system 3 is sealed by a casing CI, and a 
space extending from the radiation source 1 down to an optical member closest to the mask R in the illumination optical 
system 3 is replaced with an inert gas such as a helium gas. Note that the way of how the optical path is folded Is not 
limited to the mode shown in FIG. 3, and. as a matter of course, may properly be changed con-esponding to a design 
of the apparatus. 

[0103J The mask 4 is held in parallel to the Y-Z plane on the mask stage 6 by a mask holder 5. The mask 4 is fomied 
with a pattern that should be transferred, and a rectangular pattem area having a long side along the Z-direction and a 
short side along the Y-dlrectipn In the whole pattern area, is illuminated with the laser beams. 
[0104] The mask stage 6 is two-dimensionally movable along the mask surface (I.e., along the Y-Z plane) by oper- 
ating an unillustrated drive system, and a mechanism is that position coordinates thereof are measured and controlled 
by an interferometer 12 using a mask movable mirror 1 1 . 

[01051 The beams from the pattern fonned on the mask 4 iom a mask pattern image on the wafer 8 classified as 
a photosensitive substrate through a projection optical system 7. The wafer 8 is held by a wafer holder 9 in parallel to 
the X-Y plane on the wafer stage 10. Then, a pattern image is fonmed in a rectangular exposure area having a long side 
along the X-direction and a short side along the Y-directlon on the wafer 8 so as to optically correspond to the rectan- 
gular illumination area on the mask 4. 

[0106] The wafer stage 1 0 is two-dimensionally movable along the wafer surface {i.e.. along the X-Y plane) by oper- 
ating an unillustrated drive system, and a mechanism Is that position coordinates thereof are measured and controlled 
by an interferometer 1 4 using a wafer movable mirror 13. 

[0107J In the illustrated projection exposure apparatus, an interior of the projection optical system 7 between the 
plane-parallel plate PI disposed closest to the mask and a lens Lr disposed closest to the wafer among the optteal 
members constituting the projection optical system 7. is kept in a gas-proof state. A gas existing inside the projection 
optical system 7 is replaced with the helium gas exhibiting a low absorption rate of the exposure radiation. Similarly, an 
interior of the optical path extending from the radiation source 1 to the illumination optical system 3 is replaced with the 
helium gas. 

[0108J Then, the mask 4 and the mask stage 6 are disposed on the narrow optical path between the illumination 
optical system 3 and the plane-parallel plate PI . However, an interior of a casing C2 encasing the mask 4 and the mask 
stage 6 by sealing, is filled with the inert gas such as nitrogen and helium gas, whereby the interior of the optical path 
between the illumination optteal system 3 and the plane-parallel plate PI is replaced with the inert gas. Further, the 
wafer 8 and the wafer stage 1 0 are disposed on the nan-cw optteal path between the lens Lr and the wafer 8. However, 
an interior of a casing C3 encasing the wafer 8 and the wafer stage 10 by sealing, is filled with the inert gas such as 
nitrogen and helium gas, whereby the interior of the optical path between the lens Lr and the wafer 8 is replaced with 
the Inert gas. The mechanically movable members (the mask stage 6. the wafer stage 10 etc) are, however, disposed 
on those optical paths, and it is therefore Inevitable that a degree of cleanness of the gas declines due to the move- 
ments of those movable members. 

[0109] Incidentally, it Is preferable that a robot arm for exchanging the mask and a robot arm for exchanging the 
wafer be encased in a casing different fromthe casings C2. C3 in order to Increase the degree of cleanness of each of 
those optteal paths, however, even if thus encased, the degree of cleanness tends to be lower than a degree of clean- 
ness of the gas inside the projection optical system 7. 

[0110] As described above, where the exposure radiation passes through the gas exhibiting the low degree of 
cleanness along the optical paths from the radiation source 1 to the wafer 8. may be the narrow optical path between 
the illumination optteal system 3 and the mask 4. the narrow optical path between the mask 4 and the plane-parallel 
plate PI , and the nanrow optical path between the lens Lr and the wafer 8. 

[Oil 1] As discussed above, the area of field of view (illumination area) on the mask 4 and the projection area (expo- 
sure area) on the wafer 8, whteh are defined by the projection optical system 7, each takes the rectangular shape with 
the short side extending In the Y-direction. Accordingly, the mask stage 6 and the wafer stage 10, more essentially, the 
mask 4 and the wafer 8 are synchronously moved (scanned) in a direction of the short side of each of the rectangular 
exposure area and of the illumination area. i.e.. in the Y-dlrectlon while controlling the positions of the mask 4 and of the 
wafer 8 by use of the drive systems and the Interferometers (1 2. 1 4). whereby the mask pattem Is scanned over an area 
having a width equal to the tong side of the exposure area and a length corresponding to a scan quantity (moving quan- 
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^^ JZZ T' T""^ '° °' P^««^"- ^ ^bove, In the first and sec- 

thereoTL .rnt' T fT'' '"^"^^ *° ^^'^'^ "t^'^^- "^^ scan direction 

wSma^^^^^^ ITT- r^"*^ embodiments (including third through sixth embodiments which 

I fJT ^"'^ Plane-parallel plate, which configure the projection optical 

ZT^di; « ! 'f^"^^ ""^^ center wavelength of the F, laser beams tor the «cpo- 

sure radiation is 157.6 nm. and a refractive index of CaFg changes at a rate of -2.4 X lO'S Mr +1 pm as a wavelenotti 

^^IZif !f K '"^ "^^^ »'~"3h the projection optical 

system ,n each of the embodiments exists in the position eccentric from the optical axis AX Further in each embodi 
ment. the aspherical surface is expressed by the following mathematical expression (a)- 



1+^1- (i + /c)y^ 



(a) 



where y is a height If, the direction perpendicular to the optical axis, Z{y) is a distance (sag quantity) along the optical 

ns a radrus of curvature of the apex, k « a cone coefficient, and Cn is a coefficient of an n-order aspherical surface 
0112] In each embodiment, the cone coefTicients k of the respective aspherical surfeces are all 0. Further a mark 
-s put on a right side of a surface number of the lens surface formed as the aspherical surface. 

[First Embodiment] 

E?aken alonn fhf Z ^ '""'"r 

JnZll ^ T t perpendicular to the mask surface (object surface), including an optical axis connecting a 

concave reflecting mirror M2 to the wafer surface (image surface). Further. FIG. 4B co^esponds to FIGGI S a 

eflec ing mi ror M2 to the wafer surface (image surface). In RG. 4B. however, for simplifying the illustration the reflect- 
ance Zie^l 1 rFrr' r'^'' ^^''^ »° R (correspondJng th ^fe - 
to t^p^i^Son oSS. T ^Tl' r ''^^ en^bodiment, the present invenUon fe applied 
rLnLtZf ^ ^"""^ '^"^'y aberrations containing the chromatte aberration are corrected with 

0?!« ''^ ^''Po-"^^ ^-^'ation of which the center wavelength is 157.6 nm and the full width hatf maximuT^2 
thl rS^n^ ^ ^ separation of the optical paths is ensured by removing 

ditS!^^ r'"" ^^L'^*' ""^ P^""'**" *e lntem,ediate image out of the optical ZerS 

inJ^l Japanese Patent Application Uid Open Publfcation No. 8-334695, disposing instead of this rerSJ^d 
1„H .K ^ Wl just behind the plane-parallel plate Pi disposed in iie vicinity ofTe mTsk R 

parallel plate PI disposed in the vicinity of the mask R and the reflecting mirror IW1 disposed just behind PI the lens 

rdrad;^:t^L^o7r^^^^^^^^^ 

i°rIvSih, f^>^" optical system in the first embodiment includes the plane-parallel plate PI disposed in close 
^ ?.'?^'~^n '"""'=''"9 '"^ tf^e beams coming from the mask R throigh Siis 

LI °'' seq"a"«'ally from the incident side of the beams from the mask R, a positive meniscus lens 

side, a negative meniscus lens L3 with a com^ surface toward the incident side, a negative meniscus lens U wJJ a 

Side ro^rSiri'^^^^^ 

^ th.^t T '"^ '"^'^ " P*"«*'^*« •''e plane-parallel plate PI and. after being reflected 

cal system A are incident upon a concave reflecting mirror M2 through the four pieces of lens elements LI ~ L4 Te 
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beams reflected by the concave reflecting mirror M2 fomi an intemiediate Image of the mask pattern through the four 
lens elements L4 - LI . 

[01161 The beams from the intermediate Image of the mask pattern are guided to the refracting optical system B. 
The refracting optical system B Is constructed of. sequentially from the Incident side of the beams from the intermediate 
image, a positive meniscus lens L5 with a convex surface toward the incident side, a biconvex lens L6, a biconcave lens 
L7, a positive meniscus lens L8 with a concave surface toward the incident side, a positive meniscus lens L9 with a con- 
vex surface toward the Incident side, a positive meniscus lens LI 0 with a convex surface toward the Incident side, a pos- 
itive meniscus lens L1 1 with a convex surface toward the Incident side, a biconvex lens L12, a negative meniscus lens 
LI 3 with a concave surface toward the incident side, and a biconvex lens LI 4. Note that an aperture stop S is disposed 
on an optical path between the positive meniscus lens LI 0 and the positive meniscus lens L1 1 . 
[01 1 7] Hence, the beams entering the refracting optical system B from the intemiediate image of the mask pattern, 
form a reduced image of the mask pattern in the exposure area on the wafer W (corresponding to a reference numeral 
8 in FIG. 3) via the respective lens elements L5 ~ L14. 

[0118] It is to be noted that, as explained above, the concave reflecting mirror M2 and all the lens elements LI ~ 
L14 on the optk^al path extending from the concave reflecting min-or M2 to the bfconvex lens LI 4. are disposed along 
the common optical axis AX. 

[01 1 9] Note that the flat min-or M 1 Is provided on the optical path between the catadioptric optical system A and the 
refracting optical system B and is Inclined at 450 to the optical axis in a position that does not contain the optical axis 
of these two optical systems A and B in the projection optical system in accordance vnth the first embodiment Accord- 
ingly, the beams traveling from the catadioptric optfcal system A toward the refracting optteal system B pass through an 
air space on the side opposite to the flat mirror Ml with the optical axis being interposed therebetween. 
[0120] The next Table 1 shows values of various Items of data of the projection optical system in the first embodi- 
ment. In Table 1 . X represents a central wavelength of the exposure radiation. FWHM is a full width half maximum of the 
exposure radiation. P Is a projection magnification, and NA is a numerical aperture on the Image side, respectively. Fur- 
ther, a surface number Indicates a sequence of the surfaces from the mask side along a direction in which the beams 
travel toward the wafer surface defined as an image surface from the mask surface as an object surface, r Indicates a 
radius of curvature (radius of curvature at apex in the case of the aspherical surface) of each surface, d is an axial inter- 
val between the respective surfaces, i.e.. a surface-to-surface interval, and n denotes a refractive index with respect to 
the center wavelength, 

[0121] Note that a sign of the surface interval d shall be changed whenever reflected. Consequently, the sign of the 
surface Interval d is negative throughout the optical path from the flat reflecting mirror Ml to the concave reflecting mir- 
ror M2. and is positive throughout other optical paths. Then, on the optical path where the surface interval d is positive, 
the radius of curvature of the convex surface toward the incident side of the beams is positive, and the radius of curva- 
ture of the concave surface is negative. Reversely, on the optical path where the surface Interval d is negative, the radius 
of curvature of the concave surface toward the incident side of the beams Is positive, and the radius of curvature of the 
convex sur^ce is negative. 
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(Table 1) 
(General Data) 
A = 1 5 7. 6 nm 
FWHM :2pm 
/3 = l/4 
N A= 0.65 
(Data of Optical Member) 
Surface Number r d 



(Mask Surface) 


20.000000 


1 


oo 


10.000000 


2 


oo 


95.000000 


3 


oo 


-147.362588 


4 


-429.08398 


-30.000000 


5* 


-745.13029 


-1.333333 


6 


-322.16303 


-40.000000 


7* 


-1467.70271 


-167.804804 


8 


-1453.48942 


-30.000000 


9* 


-499.97211 


-270.398999 


10* 


169.56369 


-24.634368 



n 

1.5600000 (PI) 
(Ml) 

1.5600000 (LI) 

1.5600000 (L2) 

1.5600000 (L3) 

1.5600000 (L4) 



15 



EP 1 079 253 A1 



11 


1653.82168 








12 


270 3361 7 


9Q ft/l/=;A^Q 




(M 2 ) 


13 


1563 82168 


9ii ft^^^AQ 


I.ooUuUUO 


(L 4) 


14.* 


IfiQ f^f>^AQ 








15* 


.490 Q7011 


ou.uuuuuu 


1.5600000 


(L 3 ) 


i. o 


1 4.P;Q /IfiQyfO 


lb /.oU4oU4 






17* 
1 1 


-1 dfi7 7(1971 


AC\ r\f\f\r\r\f\ 
4U.UUUUUU 


1.5600000 


(L 2) 






1.333333 








HA^^ 1 QAoa 
- 1 4D. XOUZt7 


QA AAr%r\ri/\ 

aU.UUUUOO 


1.5600000 


(L 1) 


on 




367.362588 








OKI >f>l01Q 


56.000000 


1.5600000 


(L 5) 


O O 4 


331.45187 


0.100000 






OQ 


0 /• 0 0 ccn 1 


64.000000 


1.5600000 


(L 6) 


^4 


•4oo.bUuo^ 


41.312455 








*ooo. / ZZ04 


OD.200000 


1.5600000 


(L 7 ) 




9QA ftftQOI 


ool. 340242 






27* 


-368 Q^^8in 




1.5600000 


( L 8 ) 


28 


-91 ^ 911 ft7 

' x\j'£* XXO 1 








29 


222 15200 


OQ./S Xf&4UU 


1 ccAAnArk 


(L 9 ) 


30* 


644.25611 


105 2^4.071 






31 


344.34732 


34.000000 


1.5600000 


(L 1 0) 


32 


670.73134 


14.613691 






33 


00 


22.968043 




(S) 


34 


194.20796 


25.000000 


1.5600000 


(LID 


35 


1066.41016 


39.793405 
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36 269.58088 47.757164 1.6600000 (Ll2) 
37* -250.46386 1.151770 

38 -252.91748 20.000000 1.56O0OO0 (LI 3) 
39* -5180.17894 0.684288 " 

40* 115.59157 " 52.925003 1.5600000 (L14) 
41 -306.38001 6.000940 
(Wafer Surface) 
(Data of Aspherlcal Surface) 

r ■ K C4 

5th Surf ace -745.13029 0:00000 -0.366339 X lO'^ 

19th Surface G6 C8 ClO 

0.457313X10-13 0.205872 X 10* 0.184274X10-21 

r C4 

7th Surface -1467.70271 0.00000 0.846545X10-9 

17th Surface C6 C8 ClO 

-0.116191X10-12 -0.199473X10-16 .0.341653X10*21 

r « C4 

9th Surface -499.97211 0.00000 -0.976158X10-^ 

15th Surface C6 C8 ClO 

-0.415843X10-13 0.162351X10-16 0.411877X10*21 

r K C4 

10th Surface 169.56369 0.00000 -0.133118X10-''' 

14th Surface C6 C8 ClO 

-0.346654X10-12 -0.781223X10*1''' -0.342202X10*21 

T K C4 
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22ncl Surf ace 331.45187 0.00000 0.757965X10"^ 

C6 C8 ClO 

-0.101485X10-12 0.496639X10-1'^ 0.112493X10-22 

r K C4 

24th Surface -435.60082 0.00000 0.751565X lO'^ 

C6 C8 ClO 

0.347171X10-12 -0.222122X10-1^ 0.414382X10-21 

r K C4 

26th Surface 234.88321 0.00000 0.330921X10*® 

C6 C8 ClO 

-0.496173X10*12 0.642966X10*16 -0.215905X10*20 

r K C4 

27th Surface -368.96810 0.00000 -0.772938X10'^ 

C6 C8 ClO 

-0.292091X10*12 0.455626X10*17 -0.159769X10*21 

r K C4 

30th Surface 644.25611 0.00000 0.121893X10-'^ 

C6 C8 ClO 

-0.203227X10-12 0.838252X10-17 -0.132361X10-21 

T K C4 

37th Surface -250.46386 0.00000 0.100880X10*^ 

C6 C8 ClO 

0.464133X10-11 -0.276297X10-1'^ 0.186151X10-18 

r « C4 

39 th Surface -5180.17894 0.00000 -0.212613X10*7 
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C6 C8 

-0.222172X10-10 0.137730X10-13 
r K 
40th Surface 115.59167 0.00000 

C6 C8 



ClO 

-0.124632X10-1'' 
C4 

-0. 432337 XlQ-'^ 
ClO 



-0.741893X10-11 0.488072X10-14 0.112316X10-17 



15 



25 



35 



40 



45 



50 



55 



embodiment ^ abetTBtion (meridional coma) in the first 

[Second Embodiment] 

stnictedot. sequentially from the incident side of the besJS cSo fromTh^J^l n^^^^^^ ^^'^ " 
a convex surface toward the incident side a h onLTT ^ '^^ * "^S^*"^ meniscus lens LI witti 

surface toward the Incident side Accwdinr^^^h«m! . ' "^"^"^'"^ '"'^"^ ^2 with a concave 
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[0128J The beams from the Intermediate image of the masic pattern are guided to the refracting optical system B. 
The refracting optical system B Is constructed of, sequentially from the incident side of the beams from the intermediate 
image, a biconvex lens L6, a biconvex lens L7. a biconcave lens L8, a biconcave lens L9, a positive meniscus lens L10 
with a concave surface toward the Incident side, a positive meniscus lens L1 1 with a convex surface toward the incident 
side, a positive meniscus lens L12 with a convex surface toward the Incident side, a negative meniscus lens LI 3 with a 
convex surface toward the Incident side, a biconvex lens L14, and a biconvex lens LI 5. Note that the aperture stop S is 
disposed in the vicinity of the positive meniscus lens L12 In an optical path between the positive meniscus lens LI 2 and 
the negative meniscus lens LI 3. 

[01 29] Hence, the beams entering the refracting optical system 8 from the intermediate unage of the mask pattern, 
form a reduced Image of the mask pattem In the exposure area on the wafer W via the respective lens elements L6 ~ 
LIS. 

[0130] Note that the concave reflecting mirror M2 and all the lens elements L1 ~ LIS are disposed along the com- 
mon optical axis AX in the optical paths extending from the concave reflecting mirror 1^2 to the biconvex lens LI 5. 
[0131] The next Table 2 shows values of various items of data of the projection optical system In the second embod- 
iment. In Table 2. X represents a central wavelength of the exposure radiation, FWHM is a full width half maximum of 
the exposure radiation, p Is a projection magnification, and NA is a numerical aperture on the image side, respectively. 
Further, a surface number indicates a sequence of the surfaces from the mask side along a direction in which the 
beams travel toward the wafer surface defined as an image surface from the mask surface as an object surface, r indi- 
cates a radius of curvature (radius of curvature of apex in the case of the aspherical surface) of each surface, d Is an 
on-axis interval between the respective surfaces, i.e., a surface-to-surface interval, and n denotes a refractive index with 
respect to the center wavelength. 

[0132] Note that a sign of the surface interval d shall be changed whenever reflected. Accordingly, the sign of the 
surface interval d is negative throughout the optical path from the flat reflecting mirror Ml to the concave reflecting mir- 
ror M2, and is positive throughout other optical paths. Then, on the optfcal path where the surface interval d is positive, 
the radius of curvature of the convex surface toward the incident side of the beams is positive, and the radius of curva- 
ture of the concave surface is negative. Reversely, on the optical path where the surface interval d is negative, the radius 
of curvature of the concave surface toward the incident side of the beams is positive, and the radius of cun/ature of the 
convex surface is negative. 
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(Table 2) 

(General Data) 

A=157. 6nm 

FWHM :10pm 

i3= 1/4 
NA== 0 . 6 5 
(Data of Optical Member) 
Surface Number r d 



(Mask Surface) 


20 000000 






1 


oo 


10.000000 


1.5600000 


(PI) 


2 


oo 


95.000000 






3 


oo 


-149.717330 




(Ml) 


4 


•682.92265 


-30.000000 


1.5600000 


(L 1) 


5* 


•588.26859 


-1.333333 






6 


•430.94316 


-40.000000 


1.5600000 


(L 2) 


7* 


1484.17685 


-150.777176 






8 


-267.06519 


-30.000000 


1.5600000 


(L 3) 


9* 


-264.72399 


-271.803380 






10* 


280.88127 


-40.000000 


1.5600000 


(L4) 


11 


430.96701 


-47.259520 






12* 


173.49424 


-24.634368 


1.5600000 


(L 5) 
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13 


875.59639 


•23.962719 






5 


14 


283 82726 


23 Qfi971 Q 




(M 2 ; 




15 


875.59639 


24.634368 


1.6600000 


(L 5) 




16* 


173 49424 


47 9f^Q';9n 






10 


17 

xo 


430 96701 
oon ftftl 97 


4n nnnnon 
i& / i.oUodoU 


1.5600000 


(L 4) 


15 


19* 


/ .UOO l£7 


ou.uuuuuu 
loU. Illllo 


1.5600000 


(L 3) 


20 


21* 




4U«UUUU0U 


1.5600000 


(L 2) 






1 o o o o o o 












aU.UUuuUO 


1.5600000 


(L 1 ) 


25 






369.717330 








25 


238.57662 


60.000000 


1.5600000 


(L 6) 


30 






U. lUOOOO 








27 


537.43794 


60.000000 


1.5600000 


(L 7) 








O.OOZ119 






35 


29 
30* 


-871 09012 
889 60239 


oo.oooooo 

90 90e^ftf^0 


l.obOOOOO 


(L 8 ) 


40 


31 
32* 


-485.37887 
370.25580 


35 200000 
345 890970 


1 i^^oonoA 

X.ODUUUUvf 


V JL y ; 




33* 


-^74 fl^fift9 


OD. ZUUUUU 


1.5600000 


(L 1 0) 


45 


34 


-212.27674 


0.100000 








35 


252.25212 


34.214400 


1.5600000 


(L 1 1) 


SO 


36* 


1101.27714 


41.001563 








37 


158.00018 


43,110144 


1.5600000 


(L 1 2) 



55 



22 



EP 1 079 253 A1 



38* 


426.66235 


11 7^1fizi7 

X 1 . f u 1 # 




39 


oo 


f x.ZU r 4do 




40 


261 878Q4 


/ O / 1D4 


1.5600000 


41* 


129.89231 


5.696443 




42 


111.81396 


20.000000 


1.5600000 


43* 


-713.41458 


0.684288 




44* 


139.86748 


53.916336 


1.5600000 


45 


•390.69540 


5.000000 





(S) 
(L 1 3) 

(L 1 4) 

(L 1 5) 



(Wafer Surface) 
(Data of Aspherlcal Surface) 
r 

5th Surface -588.26859 
23rd Surface C6 

-0.107657X10-12 

r 

7th Surface 1484.17685 
21st Surface C6 



C4 

-0,231151X10-8 
CIO 

0.200076X10-21 
C4 

0.208708X10-8 

ClO 



K 

0.00000 
C8 

0.679561X10-17 

K 

o.ooooo 

C8 

0.101520X10-12 -0.936224X10-17 -0.109080X10-21 
r K. C4 

-0.596956 X 10*^ 
ClO 

0.511225X10-22 
04 

-0.270202X10-8 
ClO 



9 th Surface -264.72399 
19 th Surface C6 

-0.804409X10-13 
r 

loth Surface 280.88127 
18th Surface C6 



O.OOOOO 
C8 

0.594035 XlO-l'^ 

K 

0.00000 
C8 
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-0.165650X10-12 .0.319705X10-1'7 -0.722147X10-21 

r K C4 

12th Surface 173.49424 0.00000 -0.896367 X lO'^ 

16th Surface C6 C8 ClO 

-0.112007X10-12 -0.376263X10-18 0.205531X10-22 

r K C4 

26th Surface -1018.49483 0.00000 -0. 161303 X 10*® 

C6 C8 CIO 

-0.132885X10-13 0.112230X10-16 -0.279049X10*21 

r K C4 

28th Surface -1553.84088 0.00000 0.178392X lO"* 

C6 C8 CIO 

0.484443X10-13 -0.385332X10-16 0.135532X10-20 

r K C4 

30th Surface 889.60239 0.00000 0.252762X10-'^ 

C6 C8 CIO 

0.592624X10-12 0.146826X10-16 -0.127357X10-20 

T K 04 

32ncl Surface 370.255800 0.00000 -0,427239 X 10'^ 

C6 C8 CIO 

-0.252357X10-12 0.611208X10-16 0.198023X10*21 

r K. C4 

33ra Surface -374.83682 0.00000 -0.713446X10*^ 

C6 C8 CIO 

-0.358473X10-12 0.976519X10-1''' -0.144877X10-21 
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r K 

36th Surface 1101.27714 0.00000 

C6 C8 

-0.519537X10-12 0.103493X10-16 

r K 

38th surface 426.66235 0.00000 

C6 C8 

0.486990X10-12 .0.709243X10-17 

r K 

41st Surface 129.89231 0.00000 

C6 C8 

0,248170X10-10 0.278364X10-14 

r K 

43rd Surface -713.41458 0.00000 

C6 C8 

-0.128262X10-11 0.598993X10-15 

r K 

44th Surface 139.86748 0.00000 

C6 C8 

0.175784X10-10 0.573035X10-14 



C4 

0.813610X10-8 
CIO 
0.452136X10-22 
C4 

0.202344 XIO"'' 
ClO 
0.198192X10-21 
C4 

0.379939 XlO"'' 
ClO 
0.221665X10-18 
C4 

-0.142505X10-'' 

GlO 
0.779998X10-19 
C4 

-0.921480X10-7 
ClO 
0.703403X10-18 



u ^ *° ^"^ ^"^P**^ spherical aberration, the astigmatism and the distortion in the sec- 

S ,h T.V^^^ ^'^P''^' '^^ •■«P'-«««"ls « "'^"'erical aperture on the Image side, Y Is an image 

height, the solid l.ne .nd«.ates a center wavelength of 157.6 nm, a broken line indicates 167.6 nm + 8 6 pm ani oS 

mTm Idenot^ r^Jf " the abenatlon gmph shX^^asSg- 

matism,S denotes a sagittal image surface, and M represents a meridionallmage surface » "9 

S« ,K T'T ?T graphs, in the second embodiment, it can be understood that the 

ZtTI '".cf j"^ '^"^^ ^'^'^ ^« *e exposure radiation of which Se 

center wavelength Is 1 57.6 nm and the full width half maximum is 1 0 pm 

[0136] In the first and second embodiments, neither the concave mirror nor the lens elements including the optical 
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axis non-parallel to the direction of gravity. Accordingly, an asymmetric deformation due to the gravity Is not caused In 
the lens elements and the concave min-or. and it is possible to sufficiently restrain a decline of an image forming per- 
formance even when trying to increase the numerical aperture of the projection optical system and enlarging the expo- 



sure area. 



[Third Embodiment and Fourth Embodiment] 

[01371 FiG. 10 is a view showing an outline of a whole construction of the projection isxposure apparatus in third 
and fourth embodiments of the present invention. Incidentally, refemng to FIG. 10, the Z-axis is set in a direction of nor- 
mal line of the wafer surface, the X-axis is set in parallel to the sheet surface in FIG. 10, and the Y-axis is set perpen- 
dicularly to the sheet surface. Referring again to FIG. 10, the direction of gravity Is the same as the direction of the Z- 
axis. 

[0138] The third and fourth embodiments have similar constructions as those in the first and second embodiments, 
however, the construction of the projection optical system is basically different from those in the first and second 
embodiments. The third and fourth embodiments will hereinafter be discussed focusing on the different points from the 
first and second embodiments. 

[0139] In the projection exposure apparatus illustrated therein, the beams emitted in the X-directlon from the Fg 
laser 1 (of which an osdilation center wavelength Is 167.6 nm), are deflected in the 2-direction by the deflection min-or 
2, and thereafter a mask 4 is unifonmly illuminated with these deflected beams through the Illumination optical system 3. 
[0140] Note that only the single deflection mirror 2 Is Illustrated in the optical path from the radiation source 1 down 
to the illumination optical system 3 in FIG. 1 0, however, in fact, as in the example shown in FIG. 3, there are disposed 
optical systems such as an auto. tracking unit, a beam profile adjusting optical system and a radiation quantity aoQusting 
unit. Further, the illumination optical system 3 shown In FIG. 10 Includes, as in the example shown In FIG. 3. optical 
systems such as an optical integrator, a field stop, and a field stop imaging optical system. In the example showri In FIG. 
10 also, a space between the radiation source 1 and the illumination optical system 3 is, as in the example shown In 
FIG. 3, sealed by a casing C1 . and an air space extending from the radiation source 1 down to an optical member clos- 
est to the mask R in the illumination optical system 3 is replaced with an inert gas such as a helium gas. Note that the 
way of how the optical path is folded is not limited to the mode shown in FIG.1 0, and. as a matter of course, may prop- 
erly be changed con-espondlng to a design of the apparatus. 

[0141] The mask 4 is held in parallel to the X-X plane on the mask stage 6 by the mask holder 5. The mask 4 is 
formed with a pattern that should be transfen-ed. and a rectangular pattern area having a long side along the Y-dlrection 
and a short side along the X-direclion in the whole pattern area, is illuminated with the laser beams. 
[0142] The mask stage 6 is two-dimensionally movable along the mask surface (i.e., along the X-Y plane) by oper- 
ating an unillustraled drive system, and a mechanism is that position coordinates thereof are measured and controlled 
by the interferometer 1 2 using the mask movable min-or 1 1. 

[0143] The beams from the pattern formed on the mask 4 forni a mask pattern image on the wafer 8 classified as 
a photosensitive substrate through a projection optical system 7, The wafer 8 is held by the wafer holder 9 in parallel to 
the X-Y plane on the wafer stage 1 0. Then, a pattern Image Is formed in a rectangular exposure area having a long side 
along the Y-direction and a short side along the X-direction on the wafer 8 so as to optically con-espond to the rectan- 
gular illumination area on the mask 4. 

[0144] The wafer stage 1 0 is two-dimensionally movable along the wafer surface (i.e., along the X-Y plane) by oper- 
ating an unillustrated drive system, and a mechanism is that position coordinates thereof are measured and controlled 
by the interferonneter 14 using the wafer movable mirror 13. 

[0145] Jn the illustrated projection exposure apparatus, an interior of the projection optical system 7 between the 
plane-parallel plate PI disposed closest to the mask and the lens Lr disposed closest to the wafer among the optical 
members constituting the projection opMcal system 7. is kept in a gas-proof state. A gas existing inside the projection 
optical system 7 is replaced with the helium gas exhibiting a low absorption rate of the exposure radiation. Similarly, an 
interior of the optical path extending from the radiation source 1 to the illumination optical system 3 is replaced with'the 
helium gas. 

[0146] Then, the mask 4 and the mask stage 6 are disposed on the narrow optfcal path between the illumination 
optical system 3 and the plane-parallel plate Pi. However, the interior of the casing C2 encasing the mask 4 and the 
mast stage 6 by sealing, is filled with the inert gas such as nitrogen and helium gas. whereby the interior of the optrcal 
path between the illumination optical system 3 and the pfane-parallel plate PI is replaced with the inert gas. The wafer 
8 and the wafer stage 10 are disposed on the nan-ow optical path between the lens Lr and the wafer 8. However, the 
interior of the casing C3 encasing the wafer 8 and the wafer stage 1 0 by sealing, is filled with the inert gas such as nitro- 
gen and helium gas. whereby the interior of the optteal path between the lens Lr and the wafer 8 is replaced with the 
inert gas. The mechanically movable members (the mask stage 6, the wafer stage 10 etc.) are, however, disposed on 
those optical paths, and it is therefore inevitable that a degree of cleanness of the gas decHnes due to the movements 
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of those movable members. 

w^Iie «nL^".H?"^' " " ^'HT^^ exchanging the mask and the robot arm for exchanging the 

H^onr P"'^^' ' °' be tower than a degree of clean- 

ness of the gas inside the projection optical system 7. a c «■ "oan 

ail^L. i^nlT'"®?- '«<«a«on passes through the gas exhibiting the low degree of 

TZZT^ r ? '"""^^ ' *° 8- -"^V narrow optical path between 

IT^^T^^ "^"^ ^ ^"'^ ""^'^ ^' "^^""^ P^*' "^t***" the mask 4 anS the Slane-paralle" 
plate PI , and the nan-ow optical path between the lens Lr and the wafer 8 paraiBi 

[0149] As discussed above, the area of field of view (Illumination area) on the mask 4 and the projection area (expo- 

mL?r«„?tH *; T ' Accordingly, the mask stage 6 and the wafer stage 10. more essentia^, the 

1 hh! ""T "T'J "- "^"^ P°^«'0"= '"ask 4 and of the wS 8 

?«^dthl!^^!u^h T'^'^;"' "r interferometers (12. 14). whereby the mask pattern is scanned over an area having 
a width equal to the long side of the exposure area and a length corresponding to a scan quantity on the wafer 8 thi« 
exposing this area to the beams of the mask pattern. As discussed above, in the third and fouSh emboS,ente*1 
dr^ion "^'"^ *° the h^SiS 

[Thifd Embodiment} 

T' \^ V^"^ °' '''^ projection optteal system in a third embodiment, and is a sectional view 
taken along the plane including an optfcal axis AXl of the catadioptric optical system A and an optical axis AX2 of ^ 
wt! h 2 °' "T"" e"*odiment. the present invention is applied to the projecSon optiia^stem iJ 

Which the various aberrations including the chromatic aberration are corrected lor the exposui!e radiation of whVch me 
center wavelength is 1 57.6 nm and the fu» width half maximum is 2 pm 

ln?,V P JnV^n r^r^T T^^' ^^^'^"^ °' "^"^^ 'VP^ "'^ °P«'=a' ^^tem disdosed in Jap- 

X^^l^^L^ TT, T^^'' '^°-8-334695. That is, in the projection optical system according to the 

hird embodiment, the flat reflecting mirror M2 with a reflecting surface inclined at 45 degrees to the optical axis AXl of 

Tr,rr^!Ti°^ T T^"" '""P"""'' ^ P°"™°" ^'^"^^ "^^ "^^^ ^ 'tinned in the vicinii of the position 
S n«r, .r iT'^fT "^T- ■'"^ °P*'=^"y connecting the refracting optteal system B including the optical axis 
Zc^oH «1 1 : T ' °' ^t^dioptrlc optical system A to the catadfoptric optical system A. there is 

disposed a flat refl«:ting mirror M3 with a reflecting surface Inclined at 45 degrees to the optical axis AX2 of the refract- 
ing optical system B and orthogonal to the reflecting surface of the flat reflecting mirror M2 

[0152] Consequently, in the case of the projection optical system in the third embodiment, the plane-parallel plate 
PI d^osed in the vicinity of the mask R (corresponding to the reference numeral 4 in FIG. 10), all the lens elements 

AXl . and all the lens elements constituting the refracting optfeal systern B are disposed on the optical axis AX2 parallel . 
L?irr°f J''^"- a^sh™*" F'G- When horizontally supporting the mask 4 and the wafers, it follows 

^etdS an id^lTTh '^^'^ optfcal system 7 are likewise horizontally supported, and there Is 

n^th «'^t«9«*«t»'« '«n««'«"«"teare hard to receive an adverse influence by the gravity. Another advantage 
IS that the catadroptrK: optical system A and the refracting optical system B are disposed along the two optical eras 
AXl . AX2 parallel to each other, and hence a lens barrel does not become so long 

^Vr^ projection optical system in the third embodiment has the plane-parallel plate PI tfsposed in the vidnltv 

t^nZl f e beams coming from the mask R and penetrating this plane-parallel plate PI enter the catadiopt- 

hLrL . ^ T J =a»«<*'°Ptric optical system A is constructed of, sequentially from the incident side of the 
beams coming from the mask R. a biconcave lens LI. a bteonvex lens L2, a negative meniscus lens L3 with a concave 
r««f„ .1 I '^"^"^ ^ ''^'^^ '^"^'^'"9 ^'t^ a '^""c^^e s"rfa'=« toward the incident side. 

^nH^r? ^ A TK T """"'"^ ""^^ P«"«tra«"9 the plane-parallel plate PI . enter the catadioptric 

optical system A. The beams entering the catadioptric optical system A ara incident upon the concave reflecting minor 

mldiLti "T'"'" 'J ~ "'"'"^ '""^"'^ '"^^ Mt form an inter- 

mediate image of the mask pattern in the vteinity of the flat reflecting mirror M2 via the two lens elements L3 L2 

!i .hi « . « intennedlate Image of the mask pattern are Incident on the refracting optical 'system B 

7J^ T r ? ""T"^ "^^ '^''^"^ °P*"'"' ^^^"^ « constructed of. sequentially from the incident 

!2! o S ^ T '"t«'^«^'«te image, a posrthre meniscus lens L4 with a convex surface toward the Incident 
side a biconvex lens L5, a positive meniscus lens L6 with a convex surface toward the Incident sMe, a positive menis- 
cus lens L7 with a convex surface toward the incident side, a positive meniscus lens L8 with a convex surface toward 
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the incident side, and a biconvex lens L9. Note that the aperture stop S is disposed on an optical path between the pos- 
itive meniscus lens L6 and the positive meniscus lens L7. 

[01 55] Hence, the beams entering the refracting optical system B from the intennediate image of the mask pattern, 
form a reduced Image of the mask pattern in the exposure area on the wafer W (con-esponding to a reference numerai 
8 in FIG. 10) via the respective lens elements L4 L9. 

[0156] The next Table 3 shows values of various Items of data of the projection optical system In the third embodi- 
ment. In Table 3. X represents a central wavelength of the exposure radiation, l=WHM is a full width half maximum of the 
exposure radiation, p is a projection magnification, and NA is a numerical aperture on the' image side, respectively. Fur- 
ther, a surface number indicates a sequence of the surfaces from the mask side along a directfon In which the beams 
travel toward the wafer surface defined as an image surface from the mask surface as an object surface, r indicates a 
radius of curvature (radius of curvature at apex In the case of the aspherical surface) of each surface, d Is an axial inter- 
val between the respectwe surfaces, i.e., a surface-to-surface interval, and n denotes a refractive index with respect to 
the center wavelength. 

[0157] Note that a sign of the surface interval d shall be changed whenever reflected. Consequently, the sign of the 
surface interval d is negative throughout the optical path from the concave reflecting mirror Ml to the flat reflecting mir- 
ror M2 and also negative throughout the optical path from the flat reflecting mirror m to the wafer surface, and is pos- 
itive throughout other optical paths. Then, on the optical path where the surface interval d is positive, the radius of 
curvature of the convex surface toward the incident side of the beams is positive, and the radius of curvature of the con- 
cave surface is negative. Reversely, on the optical path where the surface Interval d is negative, the radius of curvature 
of the concave surface toward the incident side of the beams Is positive, and the radius of curvature of the convex sur- 
face is positive. 



(Table 3) 
(General Data) 
A = 157. 6nm 
FWHM : 2 p m 
/3 = l/4 
NA=0. 6 5 

(Data of Optical Member) 
Surface Number r d n 

(Mask Surface) 20.000000 



1 


oo 


10.000000 


1.5600000 


(P 1 ) 


2 


oo 


21.056466 






3* 


-410.25846 


19.200000 


1.5600000 


(L 1) 


4 


7622.04648 


97.814420 






5 


442.05840 


38.000000 


1.5600000 


(L 2) 


6* 


-460.79557 


637.333293 
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10 



15 



30 



35 



45 



SO 



7* -181.36058 

8 -2202.35929 

9 -295.90336 
10 -2202.35929 
11* -181.36058 
12* -460.79557 

442.05840 

CO 
OO 

■271.59461 
294.15246 
736.15276 
534.11318 
20 . -178.13616 
21* -558.07630 

OO 

-124.45291 
-701.01490 
-187.95248 
•535.34602 
-195.99609 
7665.52661 



13 
14 
15 
16* 

17 

18 
19* 



22 
23 
24* 
25 
26 
27 
28* 



24.000000 
34.559790 
-34.569790 
-24.000000 
-637.333293 
-38.000000 
-8.600000 
410.000000 
-107.846614 
^40.000000 
-221.080055 
-50.000000 
-63.960648 
-46.000000 
-31.709633 
■107.125647 
-40.000000 
-2.857325 
-35.000000 
-0,651637 
-46.806762 
-6.232089 



1.5600000 



(Wafer Surface) 
(Data of Aspherical Surface) 



1.5600000 
1.5600000 



1.5600000 
1.5600000 
1.5600000 



1.5600000 
1.5600000 
1.6600000 



(L 3) 

(Ml) 
(L 3) 

(L 2 ) 

(M2) 
(M3) 
(L 4) 

(L 5) 

(L 6) 

(S) 
(L 7) 

(L 8) 

(L 9) 



C4 
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3rd Surface -410.25845 0.00000 -0.464328X10-8 

C6 C8 CIO 
0.289652X10-^2 0.876203X10-17 -0.101393X10-21 

r K C4 

eth Surface -460.79557 0.00000 0.655550X10-8 

12th Surface C6 C8 C 10 

0.750690X10-13 -0.375816X10-18 -0.275978X10*23 

r « C4 

7th Surf ace -181.36058 0.00000 0.947631X10-8 

11th Svirface C6 C8 ClO 

0.247890X10-12 0.374299X10-17 0.263940X10*21 

r « C4 

16th Surface -271.59461 0.00000 0.427427X10*8 

C6 C8 ClO 

0.411417X10-13 0.204209X10-18 -0.710805X10-23 

r K C4 

19th Surface 534.11318 0.00000 0.564196X10*8 

C6 C8 ClO 

-0.362399X10*15 -0.263491X10-17 0.420225X10*22 

r K C4 

2lst Surface -558.07630 0.00000 -0.314496X10-7 

C6 C8 ClO 
0.185759X10*13 -0.161021X10-17 -0.415783X10-21 

r K C4 

24th Surface -701.01490 0.00000 -0.337626X10*7 



30 



i 



10 



20 



35 



45 
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C8 CIO 

0.160965X10-12 .0.735123 X 10'17 0.441992X10-21 

^ « C4 

28th Surface 7665.52661 0.00000 -0.152895X10-6 

C6 C8 - CIO 

-0.665509X10-10 0.938735X10-13 -0.520573X10-16 



wavelength is 167.6 nm and the full width half maximum is 2 prT ^ ""^^^ 

[Fourth Embodiment] 
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meniscus lens L7. 



[0165] Hence, the beanns entering the refracting optical system B from the intermediate image of the mask pattern 
form a reduced image of the mask pallem In the exposure area on the wafer W via the respective lens elements U 
L10. 



[01 66] The next Table 4 shows values of various items of data of the projection optical system in the fourth embod- 
iment. In Table 4. X represents a central wavelength of the exposure radiation. FWHM Is a full width half maximum of 
the exposure radiation, p is a projection magnification, and NA is a numerical aperture on the image side, respectively. 
Further, a surface number Indicates a sequence of the surfaces from the mask side along a direction in which the 
beams travel toward the wafer surface defined as an image surface from the mask surface as an object surface r indl- 
cates a radius of curvature {radius of curvature at apex in the case of the asphencal surface) of each surface d is an 
axial interval between the respective surfaces. I.e.. a surface-to-surfgce Interval, and n denotes a refracth^e index with 
respect to the center wavelength. 

[0167] Note that a sign of the surface interval d shall be changed whenever reflected. Consequently the sign of the 
surface interval d is negative throughout the optical path front the concave reflecting mirror Ml to the flat reflecting mir- 
ror M2 and also negative throughout the optical path from the flat reflecting mirror M3 to the wafer surface, and is pos- 
itive throughout other optical paths. Then, on the optical path where the surface Interval d is positive, the radius of 
curvature of the convex surface toward the incident side of the beams Is positive, and the radius of curvature of the con- 
cave surface is negative. Reversely, on the optfcal path where the surface interval d is negative, the radius of curvature 
of the concave surface toward the incident side of the beams is positive, and the radius of curvature of the convex sur- 
face Is positive. 

(Table 4) 
(General Data) 

A = 1 5 7 . 6 nm 
FWHM :10pm 
0 = 1/4 



N A= 0 . 6 5 
(Data of Optical Member) 
Surface Number r d n 

{Mas]c Surface) 20.000000 

1 » 10.000000 1.5600000 (PI) 

2 oo 18,000000 
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3* 


•372.48390 


19.200000 


1.5600000 


(L 1 


5 


4 


2824.40505 


107.691386 








5 


441.56209 


38.000000 


1.5600000 


(L 2 


10 

- 


6* 


•467.54839 


632.035292 






7* 
8 


•181.16467 
-2171.42735 


24.000000 
34.435069 


1.5600000 


(L a; 


IS 


9 


-295.94748 


-34.435069 




(Ml) 




10 


-2171.42736 


-24.000000 


1.5600000 


(L 3) 


20 


11* 


-181.16467 


-632.035292 








12* 


-467.54839 


-38.000000 


1.5600000 


(L 2) 




13 


441.56209 


-8.600000 






25 


14 


oo 


410.000000 




(M2) 




15 


oo 


-96.164001 




(MB) 


30 


16* 
17 


-248.89382 
270.80367 


-40.000000 
-211.283468 


1.5600000 


(L 4) 




18 


•1633.27164 


-50.000000 


1.5600000 


(L 5) 


35 


19* 


439.76407 


-84.131385 








20 


-187.72487 


-42.000000 


1.5600000 


(L 6) 


40 


21* 


-508.63497 


-38.738249 








22 


oo 


-19.402019 




(S) 


45 


23 


-312.42160 


-30.000000 


1.5600000 


(L 7) 


24 


-545.38881 


-68.496963 








25 


-133.13377 


-40.000000 


1.5600000 


(L 8) 


SO 


26* 


-678.53406 


-2.925194 








27 


^86.00220 


-35.000000 


1.5600000 


(L 9) 
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28 -305.28790 -0.100000 

29 -145.48941 -46.223734 1.5600000 (L 1 0) 
30* 4767.12784 -6.000000 

(Wafar Surface) 

(Data of Aspherlcal Surface) 

r K C4 

3rd Surface -372.48390 0.00000 -0.540343X10"® 

C6 C8 ClO 

0.256808X10 12 0.290465X10-17 -0.427034X10-22 

r C4 

6 th Surface -467.54839 0.00000 0.622527 X 10-® 
12tli Surface C6 C8 ClO 

0.649449X10*13 -0.506658X10*18 0.357490X10-24 

r « C4 

7 th Surface -181.16467 0.00000 0.943076 X lO'^ 
nth Surface C6 C8 ClO 

0.256514X10-12 0.303718X10-17 0.242059X10*21 

r K C4 

16th Surface -248.89382 0.00000 0.609993X10*^ 

C6 C8 ClO 

0.765145X10*13 0.840211X10*18 0.133482X10*22 

T K C4 

19th Surface 439.76407 0.00000 0.481334X10-8 

C6 C8 ClO 



34. 



EP 1 079 253 A1 



w 



15 



25 



0.266384X10-13 .0.149214X10-17 0.266666 X 10'22 

^ C4 

21st surface -508.63497 o.OOOOO -0.270625X10-7 

^6 C8 CIO 

-0.130088X10-12 0.121888X10-18 -0.449102X10-21 

C4 

26th Surface -678.53406 0.00000 -0.463518X10-8 

C8 ClO . 

-0.381221X10-12 0.150702X10-16 -0.489031X10-21 

^ C4 

30th Surface 4767.12784 0.00000 -0.195812X10-6 

^6 C8 ClO 

0.241786X10-10 -0.201056X10-13 0.142658X10-16 



35 



50 



55 



KUri's^Flf^TG^T^;^^^^ distortion in the 

fourth embodiment. ^^'"^ ^ aberration (meridional coma) in the 

dotted chain line ■maZT^S 6nm S6^T^*^ I T' ^ ""^ '"•^'^'^^ ^ ^'"^ ""^ ^ 8.6 pm. and one-. 

Ss abe^iSjHncX^hrr^^^^^^ « <- ""«'e-tood that the 

center wavelength is ISZ^nrandrer ^iS ^^^^^^ ^0^^'' "^'^ ^'^^ 

Slr^enu iSrd^rllS^^^^^^^^ '° °' '►'^ ^"-e through fourth 

for the exposure mdtetion T^StTj^r^^^J^'"' ^Tn «>-««ted 

pm or under, and henS^the >! I^er ^uidTo^^^^ T °' "^'"^'^ f^^" 20 

as the mdiaiion sS^e for 5 -urel^rS coSucLn ^ comparatively simple method can be used 

n,aintenance of the laser radia^n l^dr eas^^^^^^^^^^ « 

cuantfty on the lens suC^hich is I^^X^^^^ '"fr ^ °' 

Therefore, the effect yielded bv decreasing th» „. .^ll L . ToraWe in the short wavelength of 1 80 nm or smaller. 

Of the projection optiS!tstem. ' '^'^ »<> = ♦'«^Wing efficiency 
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[0173] Note that alt the lens elements constituting the projection optical system and the concave reflecting mirror 
are disposed along the optical axis excluding the plane-parallel plate disposed in the vicinity of the mask and the flat 
reflecting mirror for separating the optical paths in the projection optical system in the first and second embodiments. 
As a result, all the lens elements and the concave reflecting mirror can be incorporated Into one single lens barrel, and 
It is therefore possible to easily assemble and adjust the catadioptric optical system. 

[0174] In the projection optical system according to the third and fourth embodiments, all the lens elements consti- 
tuting the projection optical system and the concave reflecting mirror are disposed along t^ie two optical axes parallel to 
each other, excluding the flat reflecting min-or for separating the optical paths. As a consequence, some of the lens ele- 
ments and the concave reflecting mirror can be incorporated into the first lens ban-el. and the remaining lens elements 
can be incorporated Into the second lens ban-el disposed in parallel to the first lens barrel. Thus, the assembly and the 
adjustment can be made independently respectively in the two lens barrels, and a mutual positional relation between 
the two lens barrels is simplified, whereby the assembly and the adjustment of the optical system can be relatively eas- 
ily can-ied out. 

[0175] Moreover, in each of the embodiments discussed above, the exposure area takes the rectangular shape 
(slit-like shape), and hence this is more advantageous in temns of designing and manufacturing the illumination optical 
system than in the apparatus with the exposure area formed in an annular shape. This cbnfiguration also enables the 
construction of the illumination optical system to be simplified. 

[0176] In each of the embodiments discussed above, the radiation transmissive optical member such as the plane- 
parallel plate is disposed in close proximity to the mask, whereby substantially all the optteal paths from the mask to the 
wafer excluding the nan-ow optical path between the mask and the plane-paiBllei plate and the narrow optical path 
between the wafer and the optical member proximal to the wafer, can be filled with the Inert gas such as the helium gas 
exhibiting a high degree of cleanness. As a result, even when using the short wavelength beams such as the Fg laser 
beams for the exposure radiation, it Is feasble to effectively avoid the optical absorption and enhance the transmitting 
efficiency of the projection optical system. The durability and the maintainability of the projection optical system can be 
improved by use of the plane-parallel plate, and the residual aben-atton can be corrected after assembling the projection 
optical system. 

[Fifth Embodiment and Sixth Embodiment] 

[0177] Fifth and Sixth embodiments have constructions similar to those of the third and fourth embodiments. 
[0178] FIGS. 1 7 and 20 illustrate the fifth and sixth embodiments of the catadioptric optical system serving as the 
projection optical system of the projection exposure apparatus shown in FIG. 10. The catadioptric optical system in both 
of the fifth and sixth embodiments is what the present invention is applied to the projection optical system for transfer- 
ring with reduction magnification, on the wafer 8 defined as a second surface, a circuit pattern on the mask (reticle) 4 
defined as a first surface. This projection optical system comprises a first image forming optical system A for forming 
an intemiediate Image of the pattern on the mask 4. and a second Image forming optical system B for re-imaging the 
intermediate image on the wafer 8. The first image forming optical system A has a concave minx)r Mc. while the second 
image forming optical system B has an aperture stop AS. A first reflecting surface for folding the optrcal axis at 90^ 
IS provided in the vicinity of the intermediate image so as to guide the beams from the first image forming optical system 
A to the second image forming optical system B. A second reflecting surface for further folding the optfcal axis at 90« 
IS provided between the first reflecting surface and the aperture stop AS so that the optical axis on the reticle R is 
parallel to the optical axis on the wafer 8. The second reflecting surface may not. however, be provided. 
[01 79] The general data of the fifth and sixtti embodiments are as follows: 

Working Wavelength: 157 nm {F2 laser) 

Magnification: I/4 

Image-sided numerical aperture : 0.6 

Maximum Image height: 1 3.2 mm 



i concave 



[0180] In this projection optical system, the first reflecting surface separates the beams arriving at the c 

min-orMc from the beams coming from the concave mirror Mc. and therefore an area containing the optical axes on the 
mask 4 and on the wafer 8 is not a use area. That is. as in the first through fourth embodiments discussed above, the 
slit-like area containing no optical axis serves as an illumination area of the mask 4 and also as an exposure area of the 
wafer 8. Then, the slit-like use area is scanned in a short-side direction of the slit, thereby transfemng an image of the 
mask pattern in a range elongated in the scan direction onto ttie wafer 8. 

[0181] When the exposure area on the wafer 8 Is fornied in a rectangle defined by, e.g., 4.6 X 20 mm, there is used 
a range defined such as Y = 4.0 ~ 13.2 mm. where Y Is the Image height. When the exposure area is set to 5 X 20 mm 
there is used a range of Y = 3.6 13,2 mm. When the exposure area is set to 5.6 X 20 mm. there is used a range off Y 
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= 3.0- 13.2 mm. 



S.r«H Ih^ °' ^ ^ "^we^^^ necessarily the rectangle and may be. e.g., a shape of an area 

::rarar::i:rr^^^^^ 

[0183J The first image forming optical system A in the fifth embodiment illustrated in FIG. 1 7 is constructed of a nea- 
ative meniscus lens A1 with a concave surface toward the mask 4. a positive menis^^ 

toward the mask 4. a negative meniscus lens A3 with a concave surt^e toward the conca^ ^rrorMc a btoon,Ii lens 
M.ab.concave lens A5.andaconcave minor Mc.Afirst reflecting surfaceMl is dlsposedbe^^^^^^ 

I0184J The second image forming optical system B is constructed of a positive meniscus lens Bl with a «>ne«vB 
surface oward the first reflecting surface Ml, a bfconvex lens B2. a positive meniscus leS rh rconcaJeT 
to««rd the wafer 8, and a biconvex lens B4. A second reflecting surface M2 is disposed between the fe^ses efand B2 
and an aperture stop AS is disposed between the lenses 82 and 83 ' 

face f6 of the lens A3, a concave-mirror-sided lens surface r8 of the lens A4, a concave-mirror-sided lens surface rIO 
of the lens A5. a first surface ,21 of the lens 81 , a first surface r24 of the lens 82. a second sur^ce ^8 o1 thelns 83 
and a f„st surface ,29 of the lens 84, are formed as aspherical surfaces. Referring to FIG. 20. aSj ^p^ sinte tSe 
asphenca surface. Tliat is. the number of the lens elements used is decreased to merei^ gVadoSg ?he eig^ 

asphencalsurfacesfora technical convenience, which is a reducUon down to approximately ^3 th^ 
ments used In the projection optical system using only the spherical lenses 

lOlsq The first image forming optical system A in the sixth embodiment illustrated in FIG. 20 is constructed of a 
negatn^e men,scus lens A1 with a concave surface towa«l the mask 4. a biconvex lens A2. a positive menii^^^ 

mlTaT* T 'T"* ^ "'^"^'^"^ A4 wrth a co^^cSrsZ^t^ai tS^ 

t;f a biconvex lens A6. a biconcave lens A7. and the concave mirror Mc The fl^^JIctl^a 

"i^n?:^^^^^^ 

[0187] The second image forming optkal system B is constructed of a positive meniscus lens Bl with a concave 
surface toward the wafer 8. a bfeom«x lens 82. two pieces of meniscus lenses B3, 84 with con^e suSaces toS 

ture stop AS is disposed between the lenses 82 and 83. ^ 

Sl^flc T*^^' ^ '=o"'=3ve-mirror-sided lens surface r6 of the lens A3, a first surface ,30 of 

the lens 81, a second surface ,36 of the lens B3 and a second surface r40 of the lens 85. a^ fom^ed SScaV 
Namely, the number of the lens elements used Is decreased to merely 13 by adopting the fou^iptericTSlSSs 

fo'lowing Tables 5 and 6 show data in the fifth and sixth embodiments 
ndfJitr Jp °' !'"^ l"" '""^ embodiments, a glass material of all the lenses is fluorite (CaF^). A refractive 
index of CaF2 in use wavelength (157 nm) is 1.56000. Further, the optical surface with its No. merited wHh - in VM 
column IS the aspherical surface, and the second column r on the aspherical surface Indica eTa radlu" of cu?^l!re^ 

S^he^ai s?r;^e\''gLrsuri'; ^ "'"^ "^"^ ^ ^ '^^ 
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(Table 5) 



[Data 


of Optical 


Member] 




No 


r 


d 




0 


oo 


83.472420 


4 


* 1 


-231.87193 


20.000000 


Ai 


2 


-244.79824 


50.000000 




3 


-513.72470 


30.000000 


Aa 


4 


-258.44409 


326.710153 




5 


1231.09312 


20.000000 


A3 


* 6 


360.37184 


153.952382 




7 


247.93778 


70.000000 


A4 


* 8 


•3176.57963 


258.163716 





30 



35 



40 



45 



50 
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9 -160.72124 20.000000 

*10 47747.21102 142.114876 

11 -465.26991 -142.114876 

* 12 47747.20963 -20.000000 
13 -160.72124 -258.163716 

* 14 -3176.57963 -70.000000 
15 247.93778 -153.952382 

* 16 360.37184 -20.000000 

17 1231.09312 -326.710163 

18 -258.44409 -30.000000 

19 -513.72470 -7.000000 

20 175.000000 

* 21 -4661.49096 30.000000 

22 -698.03846 447.687777 

23 oo -498.922351 
*24 -411.54200 -70.000000 

25 816.05499 -3.000000 

26 - -5.000000 

27 -221.06022 -60.000000 
*28 -586.68226 -173.028510 
*29 -141.10262 -104.386800 

30 772.99694 -14.234034 

31 oo 

[Data of Aspherlcal Surface] 
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No=l 04= 0.777914X10'^ C6 ^ 

C8= 0.749968X10*1'^ C 10 

No =6(16) C4=-0.161751X10-^ C6 = 

C8= 0.365946X10-18 C 10 

No =8(14) C4= 0.206937 X 10-8 Qg 

C8=.0.856301X 10-19 ^ 10 

No =10(12) C4 = -0.199929X10-8 C6 = 

C8= 0.335332X 10-18 C 10 = 

No =21 C 4= -0.126585X10-'^ C6 = 

C8=-0.132303X10-1'^ C 10 = 

N o =24 C4= 0.387097X10-8 C6 = 

C8= 0.795736X10-19 C 10 = 

N o =28 C4 = -0.320229X10'8 C6 = 

C8 = -0.925279X 10-20 C 10 = 

N o =29 C4= 0.320579X10-'^ C6 = 

C8= 0.183993X10-15 CIO = 



= 0.267640X10-12 
= 0.170456X10-21 
= -0.421807 X 10" 1^ 
= 0.665954X10-23 
= 0.395989X10-13 
= -0.286013X10-23 
0.348648X 10-13 
0.286698X10-22 
-0.159095X10-12 
-0.213107X10-22 
0.124414X10-13 
■ -0.948948X10-24 

0.180878X10-13 
-0.800264X10*23 

0.265320X10*11 
0.751169X10-20 



(Table 6) 

[Data of Optical Member] 



No 
0 
1 
2 
3 
4 



r 

CO 

-377.54368 
-709.61847 
247.34124 
-943.28430 



d 

52.408660 
20.000000 
66.700681 
30.000000 
0.081000 



4 
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5 


251.77574 


30.000000 


A3 


5 


^ b 


1233.12732 


60.735167 






7 


-316.07403 


30.000000 


A4 


10 


8 


-279.83058 


14.320073 




9 


-641.14096 


11.809800 


As 




10 


129.96846 


276.475471 




IS 


11 


434.42877 


40.000000 


Ae 




12 


-468.82151 


103.196386 




20 


13 


•224.16905 


12.000000 


Ar 




14 


704.94761 


30.977827 






15 


-320.24325 


-30.977827 


Mc 


25 


16 


704.94761 


-12.000000 


Ar 




17 


-224.16905 


-103.196386 




30 


18 


-468.82151 


-40.000000 


As 




19 


434.42877 


-276.475471 






20 


129.96846 


-11.809800 


As 


35 


21 


-641.14096 


-14.320073 






22 


-279.83058 


-30.000000 


A4 


40 


23 


-316.07403 


-60.736167 






I* ^4 


1233.12732 
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[Data of Aspherlcal Surface] 
No =6(24) C4= 0.112095X10-'^ 

C8= 0.415931X10-1''' 
N o =30 C4= 0.147271X10-^ 

C8= 0.300473X10*1^ 
No =36 C4=-0.110105X10-'^ 

C8=-0.428853X10*1^ 
No =40 04= 0.284655X10-'' 

C8= 0.328472X10* IS 



C6 = 0.256500X10-13 
ClO= 0.129399X10-22 

C6 = 0.163160X10-13 
C 10= -0.529681X10*23 

C6 =-0.285259X10-1"* 
C10= 0.122213X10*21 
C6 = 0.259172X10*11 
C 10=-0.680232X lO'l^ 



[0192J FIGS. 1 8A to 1 8C are graphs showing the spherical aberration, the astigmatism and the distortion in the fifth 
55 embodiment, and FIGS. 1 9A to 1 9D each show a lateral aberration in the fifth embodiment Similarly. FIGS. 21 A to 21 C 
and FIGS. 22A to 22D show various aberrations in the sixth embodiment In each of the aberration graphs, NA repre- 
sents an Innage-sided numerical aperture, Y denotes an image height Further, bi the graph of the astigmatism, a dotted 
line M represents a meridional image surface, and a soHd line Indicates a sagittal image surface. As obvious from the 
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^'^''"I" ""''efstood that each embodiment exhibits an excellent performance In which the aberra- 

tion IS well con-ected in a state of causing almost no aberration. 

S?«L ')"^ °' '''^ '^^^^ « wavelength width as nan-ow as 1 - 1 5 pm at natural 
Sd";fstwni^ 

standard wavelength be 1.5600000. the refractive index becomeS 1.55^988 in al^Je^eX' ie ^ndar^i^ 
to 23D. Y represents a height of Image, x denotes an abenation curve in the wavetength ofZ s^ZX^^t 

K i' . d'f "ssed above, the aspherlcal surfaces in configurations suited to the purposes thereof are disposed 

ah^ mH„ H : « feasible to eventually obtain a drastically down-sized catadioptric opUcal system with a remark- 
SlTr,. h"T ' 1 * *° the loss of the r^SSTn quanti^ie 

SLmL?H 2i T'T ''^^'"9 wavelength of 1 80 1 or un<2r1Se 

or smTirh ^ T'' "^''P'^"^ ^ ^'9'' ^^""^''P"* ''""^r a resoLon on a sub-mS o^r 

mm %ZT^ 5' catadiopwc system of the present invention to the projection exposure apparatuT 
S th! mir,iJ!l ' K 7 l'^ embodiments of the present invention, the maximum effect can be obtained by use 
^pH T '^P^"""^' '""^"^ « '"^^^^ « possible to obtain a further doin 

T::T:z:'^i:zrs. ^ ^'-"^^ '-^ ^^--^ -p^eS::s::L 

[0197] In the third, fourth and sixth embodiments, no lens element exists between the flat min-or Ml servino a, a 

^1T IT '"^•""'^ ''^ ^ --"^ °P«-' P-'^' 'oiling membT 7e t ere exfets no 

^ *e T "-P^-^'fe' '° di^^ction of gravity. Hence, an asymmetric d^orma fon^iSS 

by the gravity ,s brought about neither in the lens elements nor in the concave mirror, and adecline ofreTmaaef^mlJa 

SedbyreS^h^M^r '"'"^ 

SJImfL.n'^^*!^ first prepared is the illumination optical system for illuminating the pattern on the mask with the 
illumination radiation of which the center wavelength is shorter than 180 nm. To be specific there is Dreoamd^^eZ 
minaton optical system for Illuminating the mask pattern with the F, laser beams ofwhich cintrSeni^^^^^^ 

S wS w tSS aH^S?!"^""^ ^ what supplies the illumination radiation having asJ2- 

iraiwiatn within a full width half maximum of 2 pm may also be appBed 

!nH^ a PhotosensMve substrate, is prepared. The preparation of the projection optical system includes oreoarinci 
^'^"f'y-.'"«='^«™<^'V or optically connected to each other in order to attain the furitonfdesSt^d 

[0201] Next, one example of an operation when fomriing a predetemiined circuit pattern on the wafer bv use of rh» 
projechon exposure apparatus in the embodiments discussed above, will be explained with rlrlncTto a L-^^^^^^^^ 

[(tt021 To start with, in step 1 01 in FIG. 24. a metal layer is vapor-deposited on a 1 -lot wafer In next steo 102 a 
pho o resist is coated on the metal layer on this 1 -lot wafer. Thereafter, in step 1 03, an image of the pattern on me mt! 

th! niS^ !■ "^^^ '°" ^^^^ ^ °' P™'«="°" apparatus shown in FIG 3 thaHncludes 

't*^'^^^- '^^'^ this step, in step 105. etching is executed with the resist pattern serving as a mask on 
eih 'SfTr^' ' corresponding to the pattern on the mask 4 is fbm,ed in e^ shi am^ In 

each wafer. Thereafter, a circuit pattern on a higher layer is fom,ed and so on. thereby manufacturing^XS such a^ 
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a semiconductor device etc. Note that the projection optical system in the first embodiment is used in the discussion 
made above, however, any one of the projection optical systems in accordance with the second through sixth embodi- 
ments may also be used instead of the forrner projection optical system. 

[0203] Now, in each of the embodiments discussed above, the projection optical system is composed of the refract- 
ing optical members, and CaFg (calcium fluoride) is used as a material of this optical member. In addition to or instead 
of CaFg, however, there may be used, for example, crystalline materials of fluorides such as barium fluoride (BaF), lith- 
ium fluoride (LiF), magnesium fluoride (MgFa). lithium calcium aluminum fluoride (LICaAIFe) and lithium, strontium alu- 
minum fluoride (LiSrAIFg). silica doped with fluorine and quartz doped with germanium. Incidentally, It is preferable in 
the above description that the refracting optical member (lens element and plane-parallel plate) In the projection optical 
system be composed of at least one kind of material anrwng the crystalline materials of the fluorides such as calcium 
fluoride (CaFa), barium fluoride (BaF), lithium calcium aluminum fluoride (LiCaAIFg) and lithium strontium aluminum flu- 
oride (LiSrAIFe). Herein, lithium fluoride (LiF) is usable in temis of a transmissivity with respect to the exposure radiation 
of 180 nm or under but is not preferable because of having deliquescence. Magnesium fluoride (MgFg) has birefrin- 
gence and Is therefore unpreferable for use in the projection optical system. In the illumination optical system, however, 
there is no problem if having the birefringence to some extent Hence, magnesium fluoride (MgFg) may be used in the 
illumination optical system. Silica doped with fluorine is hard to enhance unifomnity of the refractive index in the material 
and Is therefore unpreferable for use in the projection optical system, 

[0204] If the illumination radiation for illuminating the masf< needs to narrow the band, it is preferable that the pro- 
jection optical system be composed of a single l<ind of optical material. Moreover, taking easiness of and a cost for man- 
ufacturing the projection optical system into consideration, it is preferable that the projection optteal system be 
composed of only CaF2. 

[0205] In each of the embodiments discussed above, the exposure area is set in an off-axis position for enhancing 
an image quality by eliminating cut-off of the beams for fonning the image, and may also be set in a position containing 
the optical axis In order to sufficiently ensure a broad exposure area. Note that there might occur a possibility in which 
the image forming beams are more or less cut off and a loss of radiation (light) quantity is induced in this case, however, 
these phenomena do not become problems If within such a range as to be ignorable in terms of utility. 
[0206] Note that the optical paths extending from the radiation source to the wafer are replaced with the helium gas, 
however, a part or the whole of the optical paths may also be replaced with the nitrogen (Ng) gas in each of the embod- 
iments described above. 

[0207] The radiation source involves the use of the F2 laser, and the spectral width is narrowed by the band narrow- 
ing device in each of the embodiments discussed above. Instead, however, there may be used high-harmonics of a 
solid-state laser such as a YAG laser having an oscillation spectrum in 1 57 nm. There may also be used high -harmonics 
obtained by amplifying single wavelength laser beams in an infrared region or a visible region, which are oscillated from 
a DFB semiconductor laser or a fiber laser, by a fiber amplifier doped with, e.g., erbium (or both of erbium and yttrium) 
and executing wavelength-conversion into ultraviolet beams by use of a non-linear optical crystal. 
[0208] For instance, if the oscillation wavelength of the single wavelength laser beams Is set within a range of 1 .6 1 
- 1.59 pm, 1 0-fold high harmonics of which an occurrence wavelength falls within a range of 1 51 ~ 1 59 nm, are output- 
ted. In particular. If the oscillation wavelength is set within a range of 1.57 ~ 1.58 iim, there are obtained 10-fold hlgh- 
hannonics of which the occurrence wavelength falls within a range of 157 - 158 nm, i.e., the ultraviolet beams having 
substantially the same wavelength as the F2 laser beams. If the oscillation wavelength is set within a range of 1.03 - 
1.12 nm, 7-fold high hamnonics of which an occurrence wavelength falls within a range of 1 46 - 160 nm, are outputted. 
In particular, if the oscillation wavelength is set within a range of 1.099 - 1.106 jim, there are obtained 7-foW high-har- , 
monfcs of which the occurrence wavelength falls within a range of 157 ~ 158 nm. i.e.. the ultraviolet beams having sub- * 
stantially the same wavelength as the F2 laser beams. Note that the yttrium-doped fiber laser is used as the single 
wavelength oscillation laser. 

[0209] Thus, in the case of using the high-harmonics from the laser radiation source, the high-harmonics them- 
selves have a spectral width (e.g.. on the order of 0.01 pm) with a sufficiently nan-owed band, and hence this is usable 
as a substitute for the radiation source 1 in each of the embodiments discussed above. 

[0210] If the wavelength width of the F2 laser is on the order of 1 - 1.6 pm at natural oscillations, the band may not 
be narrowed, 

[0211] Instead of the F2 laser, a Krg laser for supplying a radiation having a wavelength of 147 nm. an ArKr laser 
for supplying a radiation having a wavelength of 1 35 nm and an Ar2 laser for supplying a radiation having a wavelength 
of 126 nm, are usable as radiation sources. 

[021 2] Now, the present invention can be applied to both of a step-and-repeat method (batch exposure method) of 
repeating a step of batchwise transferring the mask pattern image onto one shot area on the wafer, and thereafter 
batchwise transferring the mask pattern image onto a next shot area by sequentially two-dlmensionaily moving the 
wafer within the plane orthogonal to the optk»l axis of the projection optical system, and a step-and-scan method (scan 
exposure method) of synchronously scanning the mask and the wafer through the projection optical system when 
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exposing each shot area on the wafer to the radiation, wherein a projection magnification p is set as a speed ratio It is 

wifhtTlm H ^ H '"A* ^*^P-«"'^-*'=«" » is «"0"gh to obtain a preferable image fomiing characteristic 

««thm a sW-shaped (long and thin rectangular) exposure araa, and it is therefore fe^^^^^ 
on the wafer to the radiation without scaling up the projection optical system. 

[021 3) in each of the embodiments discussed above, the rectangular exposure area is used, however, a cifculararc 
exposure area m^ also be used. «-n»-ui<»r aic 

^ "!! ^^'^ °' ^^"^^ described above, the raducBon type projection optical system is 

used, however, the projection optical system is not limited to the reduction system and may involve the use of an uni 
magnrfrcation sj^tem or an enlargement system (e.g., an exposure apparatus for manufacturing liquid crystal display 

iJSdl^or df?.' h!r?" ""^'"^ """y "'^"^"'^ ^PP^'^*"^ manufactuSng the s^m- 

™f H ! 1^" ^'""'"'^ ''PP^'''"^ transfemng a device pattern onto a glass plate, an exposure 
apparatus, used for manufacturing a thin-film magnetic head, for transferring the device pattern onto a ceramfcwafeV 
and an exposure apparatus used for manufacturing an imaging device (CCD and so on). The present invention can be 
idTor masl" "'"""^ ' " ^'^^ ^"'^'^'^ « '"^'^ marrtu'ng a rat 

™I t.u^'"^^ '"""^•^ ^''^ embodiments discussed above and can, as a matter of 

pJ^entlnJenUon" ^''°P« °' "'^ P'*^^'" '"ventlon without departing from the gist of the 

Claims 

1. A projection exposure apparatus comprising: 

an illumination optical system for illuminating a mask fomied with a pattern with beams of radiation- and 

a projection optical system for forming an image of the pattem on a wortcpiece on the basis of beams from said 

wherein said illuminaBon optical system supplies an illumination radiation having a center wavelength of 180 
nm or smaller, and a 
said projection optical system Includes at least one concave min-or, fifteen or less pieces of refracting lenses 
and four or more asphericai surfaces. 

^' mSa?'°" ^"P"^"'^ apparatus according to claim 1 , wherein said refracting lenses are aN composed of the same 
3. A projection exposure apparatus according to dalm 2, wherein the material of said refracting lenses is fluorrte. 

ImS!?" ^^'P"*"^* ^"^"^"^ *° ^ °' ^' "^^^^^ ■'""'"ination optfeal system supplies the 

MUimination radiation having a center wavelength on the order of 1 80 nm or smaller and a full width half maximum 

OT 1 0 pm or smaller. 

5. A projection exposure apparatus according to claim 1, wherein said refracting lens contains fluortte. 

Bppar^ accorting to any one of claims 1 to 5, wherein said projection optical system fomis 
an intermediate hriage of said maslc. and includes a first image fomiing optical system disposed on an optical path 
between said mask and the intemiediate image and a second image fbmiing optical system disposed on an ofrtteal 
path between the intermediate image and said workpiece. and 

one of said first and second image forming optteal systems includes at least one concave mirror, and said other 
image fonning optteal system includes an aperture stop. 

7. A projection exposure apparatus according to claim 6, wherein at least one concave mirror is positioned in said fiist 
image forming optical system, and 

said aperture stop is positioned in said second fenage forming opticai system. 

*' f^S°«" ^ai^m according to daim 6. further comprising a reflecting mirror for guiding the beams 

from saw firat image fomiing optical system to said second image forming optical system. « « 
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9. A projection exposure apparatus according to claim 1 , wherein only one of two lens surfaces possessed by said 
refracting lens is formed as the asph erica! surface. 

10. An exposure method of illuminating a mask with an exposure radiation and projecting a pattern on said mask on a 
workplace through a projection optical system, comprising: 

a step of forming an image of said mask pattern on said workpiece by use of said prt)jectlon exposure appara- 
tus according to any one of claims 1 through 9. 

11. A catadioptric optical system comprising: 

a first image fonming optical system, including a concave mirror, for forming an intenrrediate image of a first sur- 
face; and 

a second image forming optical system, including an aperture stop, for re-imaging the intermediate image on 
a second surface, 

wherein said catadioptric optical system is provided with a reflecting surface so that the beams from said first 
image forming optteal system are guided to said second image forming optteal system, and 
said catadioptric optical system has fifteen or less pieces of refracting lenses and four or more aspherteal sur- 
faces. 

12. A catadioptrfc optical system according to claim 11, wherein said refracting lenses are all composed of the same 
glass material. 

13. A projection exposure apparatus comprising: 

an illumination optical system for illuminating a mask formed with a pattern with beams of radiation; and 

a catadioptric type projection optfcal system for forming an image of the pattern on a wortcpiece on the basis 

of beams from said mask, 

wherein said illumination optical system is constructed to supply an illumination radiation having a center wave- 
length of 180 nm or smaller and a full width half maximum of 20 pm or smaller, 
said projection optical system includes lens elements and a concave reflecting min-or, and 
said lens elements and said concave reflecting min-or are so positioned as to correct substantially a chrortiatic 
aberration of said projection optical system with respect to the illumination radiation. 

14. A projection exposure apparatus according to claim 13, wherein all said lens elements and said concave reflecting 
mirror constituting said projection optteal system are disposed along a common optical axis. 

15. A projection exposure apparatus according to claim 14, wherein said projection optical system is constructed of 
only one concave reflecting mirror, a plurality of lens elements and one or a plurality of flat reflecting mln-ors. 

1 6. A projection exposure apparatus according to claim 1 5, wherein the full width half maximum of the llluminatfon radi- 
ation is 2 pm or smaller. 

17. A projection exposure apparatus according to claim 16, wherein said projection optical system Includes a firet 
image forming optteal system for fomning a primary Image of the pattern on the basis of beams from said mask, and 
a second image fomning optical system for forming a secondary image of the pattern on said workpiece on the 
basis of beams from the primary image. 

1 8. A projection exposure apparatus according to claim 1 7, wherein said projection exposure apparatus is constructed 
to satisfy the following condition: 

0.7<h1/h2<1.4 

where h1 is a maximum clear aperture diameter of the lens of said first image fomning optical system, and h2 is a 
maximum dear aperture diameter of the lens of said second Image fonning optical system. 

19. A projection exposure apparatus according to daim 14, wherein said projection optical system Includes a first 
image fomning optteal system for forming a primary image of the pattern on the basis of beams from said mask, and 
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a second Image forming optical system for forming a secondary Image of the pattern on said workpiece on the 
Dasis of beams from the primary Image. 

20. A projection exposure apparatus according to claim 13. wherein said projecOon optical system is constructed of 
only one concave reflecting mirror, a plurality of lens elements and one or a plurality of flat reflecting miners. 

21. Aprojectlon exposure apparatus according to claim 13. wherein thefuil width half maximum of the illumination radi- 
abon e 2 pm or smaller. 

22. A projection exposure apparatus according to claim 21 . wherein all said lens elements and said concave teflectina 
min-or constituting said projection optical system are disposed along a common optlcai axis. 

23. A projection exposure apparatus according to claim 22, wherein said projection optical system includes a first 
Image fbmiing optbai system for fomiing a primary image of the pattern on the basis of beams from said masic and 
a second Image fomiing optical system for forming a secondary image of the pattern on said workpiece on the 
basis of beams from the primary image. 

24. A projection exposure apparatus according to daim 21. wherein said projectton opticai system includes a first 
image forming optical system for fomiing a primary image of the pattern on the basis of beams from said mask and 
a second Image forming optical system tor forming a secondary image of the pattern on said workpiece on the 
basis of beams from the primary image. 

25. A projection exposure apparatus according to daim 13. wherein said projection opticai system includes a flrst 
image forming optical system for forming a primary image of the pattern on the basis of beams from said mask and 
a second image forming opticai system for forming a secondary image of the.pattem on said workpiece on the 
basis of beams from the primary Image. 

26. A Pn^ection Ofposure apparatus according to claim 25, wherein said projection exposure apparatus te constructed 
to satisfy the following condition: 

0.7 < hiyh2 < 1.4 

where hi is a maximum clear aperture diameter of the lens of said first image forming optical system and h2 is a 
maximum dear aperture diameter of the lens of said second image fomiing optteai system. 

27. A projection exposure apparatus comprising: 

an illumination optical system for illuminating a mask fomned with a pattern with beams of radiation- and 

a catadioptnc type projection optfcal system for forming an knage of the pattem on a woricpiece o^ the basis 

of beams from said mask. 

wherein said illumination optical system Is constructed to supply an illumination radiation having a center wave- 
length of 180 nm or smaller and a full width half maximum equal to or smaller than a predetermined value 
said projection optical system includes an optfcal member exhibiting a refracting power, and a radiation tr^ns- 
missive optical member, disposed in close proximity to said mask, for separating said optical member exhibit- 
ing the refracting power from an outside atmosphere, and 

a spacing between said mask along a direction parallel to the optical axis of said prc^edion optfcal system and 
said radiation transmissive optical member, is set to equal to or smaller than 50 mm. 

28. A projection exposure apparatus according to claim 27, wherein said radiation transmissive optical member has a 
plane-parallel plate. 

29. A projection exposure apparatus according to claim 28, wherein said pianei>arallel plate is so provided as to be 

exchangeable. 

30. A projection exposure apparatus acconiing to claim 27. wherein the f uH width half maximum of the illuminatfon radi- 
ation is equal to or smaller than 20 pm. 

31. A projection exposure apparatus according to claim 30, wherein ail said lens elements and sahi concave reflecting 
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mirror constituting said projection optical system are disposed aiong a common optical axis. 

32. A projection exposure apparatus according to daim 31, wherein said projection optical system Includes a first 
image forming optical system for fomriing a primary Image of the pattern on the basis of beams from said mask» and 
a second image forming optical system for forming a secondary image of the pattern on said workpiece on the 
basis of beams from the primary image. 

33. A projection exposure apparatus according to claim 31 , wherein said projection optical system Is constructed of 
only one concave reflecting min-or, a plurality of lens elements and one or a plurality of flat reflecting mirrors. 

34. A projection exposure apparatus according to daim 30, wherein said projection optical system Includes a first 
image forming optical system for forming a primary image of the pattern on the basis of beams from said mask, and 
a second image forming optical system for forming a secondary image of the pattern on said workpiece on the 
basis of beams from the primary image. 

35. A projection exposure apparatus according to claim 34. wherein said projection exposure apparatus is constructed 
to satisfy the following condition: 

0.7 < h1/h2 < 1.4 

where hi is a maximum clear aperture diameter of the lens of said first image forming optical system, and h2 is a 
maximum dear aperture diameter of tiie lens of said second image fomriing optical system. 

36. A projection exposure apparatus according to claim 27, wherein the full width half maximum of the illumination radi- 
ation is 2 pm or smaller. 

37. A projection exposure apparatus according to claim 36, wherein said projection optical system includes a first 
image fomriing optical system for forming a primary image of the pattern on the basis of beams from said mask, and 
a second image forming optical system for forming a secondary image of the pattern on said workpiece on the 
basis of beams from the primary image. 

38. A projection exposure apparatus according to claim 36, wherein all said tens elements and said concave reflecting 
mirror constituting said projection optical system are disposed along a common optical axis. 

39. A projection exposure apparatus according to claim 27, wherein a spacing between said mask along a direction 
parallel to the optical axis of said projection optical system and said radiation transmissive optical member, is set 
to equal to or smaller than 20 mm. 

40. A projection exposure apparatus according to claim 27, wherein a spacing between said mask along a direction 
parallel to the optical axis of said projection optical system and said radiation transmissive optical member, is set 
to equal to or smaller than 5 mm. 

41. A projection exposure apparatus according to daim 27. wherein a spadng between said mask along a direction 
parallel to the optical axis of said projection optteal system and said radiation transmissive optical member. Is set 
to equal to or smaller than 1 mm. 

42. A projection exposure apparatus according to daim 27, wherein an internal atmosphere of said projection optical 
system is replaced with an Inert gas, and 

the internal atmosphere of said projection optical system exhibits a higher degree of cleanness ttian tiiat of an 
atmosphere peripheral to said mask. 

43. A projection exposure apparatus according to daim 42. wherein f urtiier comprising: 

a casing for encasing said mask by sealing. 

44. A projectton exposure apparatus according to daim 27. wherein an internal atmosphere of said projection optical 
system is replaced with an inert gas, and 
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the Internal atmosphere of said projection optical system exhibits a higher degree of cleanness than that of an 
atmosphere peripheral to said worl<piece. 

45. An exposure method of Illuminating a mask with an exposure radiation and projecting a pattern on said mask on a 
workplace through a projection optfeal system, comprising: 

a step of forming an image of said mask pattern on said workplece by use of said projection exposure appara- 
tus according to any one of claims 13 through 44. 

46. A projection exposure apparatus according to claims 1 3 through 44. wherein said projection optical system defines 
a rectangular exposure area on said workplece. 

47. An exposure method of illuminating a mask with an exposure radiation and projecting a pattern on said mask on a 
workplece through a projection optical system, comprising: 

a step of forming an image of said mask pattern on said workplace by use of said projection exposure appara- 
tus according to claim 46. r J r- KK 

48. A projection exposure apparatus comprising: 

an illumination optical system for illuminating a mask fomned with a pattern with beams of radiation* 

a catadioptric type projection optfcal system for forming an image of the pattern on a workplece on the basis 

of the beams from said mask; 

a first Image fonming optical system, composed of a concave reflecting mln-or and a refracting optical member 
that are disposed along a first optical axis, for forming an intermediate image of the pattern; 
a second image forming optical system, having a refracting optical member disposed along a second optical 
axis, for forming a reduced image of the intermediate image on said workplece; 

a first optical path folding member disposed between said first image fomiing optical system and said second 
image fonning optical system; and 

a second optical path folding member disposed between said first optical path folding member and said second 
image forming optical system. 

wherein the first and second optical axes are parallel to each other, and 

said refracting optical member is not interposed between said first knd second optical path folding members. 

49. A projection exposure apparatus according to claim 48. wherein the reduced image is formed in parallel to the oat- 
tern surface, and 

the first and second optfcal axes are positioned substantially In parallel to a direction of gravity. 

50. An exposure method of illuminating a mask with an exposure radiation and projecting a pattern on said mask on a 
workplace through a projection optfcal system, comprising: 

a step of forming an image of said mask pattern on said workpiece by use of said projection exposure apoara- 
tus according to claim 49. 

51. An exposure apparatus for transfemng a pattern on a mask onto a workplece, characterized by comprising: 

an illumination optical system for supplying a radiation having a center wavelength of ISOnm or smaller and a 
full width half maximum of 20 pm or smaller: and 

a projection optical system including an optical member with refracting power, and a radiation transmlssive . 
optical member for separating said optical member with refracting power from an outside atmosphere, 
wherein an internal atmosphere of said projection optical system has an Inert gas, and 
wherein the inert gas within said projection optical system exhibits a higher degree of cleanness than that of 
an atmosphere peripheral to said mask and said workpiece. 

52. An exposure apparatus according to claim 51. characterized by comprising: 

a first casing, arranged so as to encase the mask, for filling an optical path between the illumination optical sys- 
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tern and the projection optical system with an inert gas; and 

a second casing, arranged so as to encase the workpiece. for filling an optical path between the projection opti- 
cal system and the workpiece with an inert gas, 

wherein the inert gas within said projection optical system exhibits a higher degree of cleanness than that of 
the inert gas within said first and second casing. 

53. An exposure apparatus according to claim 51 . characterized by further comprising: 

a first stage, arranged between said illumination optrcai system and said projection optical system, for placing 
the mask thereon; 

a second stage, an^nged workpiece side of said projection optical system, for placing the workpiece thereon; 
a first casing, an^nged so as to encase the first stage, for filling an optical path between the illumination optical 
system and the projection optical system with an inert gas; and 

a second casing, an-anged so as to encase the second stage, for filling an optical path between the projection 
optical system and the workpiece with an inert gas, 

wherein the inert gas within said projection optical system exhibits a higher degree of cleanness than that of 
the inert gas within said first and second casing. 

54. An exposure apparatus according to any one of claims 51 through 53, characterized in that the Inert gas within the 
projection optical system has helium gas. 

55. An exposure apparatus according to any one of claims 51 through 54, characterized in that the illumination optical 
system has an F2 laser. 

56. An exposure method for illuminating a mask with an exposure radiation and projecting a pattem on the mask onto 
a workpiece characterized by comprising: 

a step of forming an image of the pattern on the mask onto the workpiece by use of the exposure apparatus 
according to any one of claims 51 through 55. 

57. A catadioptric projection optical system for forming an image of a first surface onto a second surface, characterized 
by comprising: 

an area of field of view extended along a predetermined direction; 

an optical path deflecting member arranged in an optical path between the first surface and the second sur- 
face; 

a concave reflecting min-or ananged in an optical path between the optrcal path deflecting member and the 
second surface; and 

a refracting lens an^nged in an optical path between the concave reflecting min-or and the second surface, 
wherein the refracting lens arranged along a predetermined optical axis, 

wherein the optical path deflecting member arranged in a space whteh dose not contain the predetermined 

optical axis, and 

wherein an space where passed through a radiation from the first surface toward the optical path deflecting 
member and passed through a radiation reflected by the optical path deflecting member does not Include the 
predetermined optical axis. 

58. A catadioptric projection optical system according to claim 57. characterized in that said area of field of view is rec- 
tangular shape. 

59. A catadioptric projection optical system according to claim 57 or 58. characterized in that the predetermined optfcal 
axis put between a radiation from the concave reflecting mirror toward the refractive lens and the optfeal path 
deflecting member. 

50. A catadioptric projection optical system according to any one of claims 57 through 59. characterized in that an Inter- 
mediate image of the first surface formed In an optical path between the concave reflecting min-or and the refractive 
lens. 

51. A catadioptric projection optical system according to any one of claims 57 through 60. characterized in that the pre- 
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determined optical axis extends along a straight line. 

^^:zs::::::ss^ ^^"""^ " "^"^ ^^"-'-^ — - 

64. A catedioptric projecdon optical system according to any one of claims 57 through 63. characterized in that all 
refracting lens In the catadioptric projection optical system are same material. «naractenzed in that all 

65. A catadioptric projection optical system according to any one of claims 57 through 64. chamcterized in that said 

'^^z:z::z'i::z^,T'- - ~- -«ca, ax.. w;r 

66. An exposure apparatus for transfen-ing a pattern on a mask onto a wori^piece. characterized by comprising: 

an illumination optical system arranged to supply a radiaUon to said masic; and 

nZTj^l'^ r^^T *° ^ 57 through 64. arranged in an optical 

path between the mask and the worlcplece. for projecting an image of the pattern 

67. A exposure projection apparatus according to daim 66, further comprising: 

Th!! m,^i^^h ^"^"^^^ "P"'^^' system and saM projection optfcai system, for placing 

the mask thereon and moving along at least a scanning direction- r . f <'y 

the^rdii^i' *°^'<P'«" of said projection optfcai system, for placing the wori<piece thereon; 

the predetemiined direction of the area of field of view crosses the scanning direction at the nZ surface. 

68. An exposure projection apparatus according to claim 67. characterized in that said catadioptric projection ootfeal 
system includes optical axes having the predetemiined optical axis, wherein said optical axJTand S predeS 
mined direction ananged on an virtual plane. pieaeter- 

wavSh of' 57 nm." "^"^ ''^^^'^ ^'^ ''-'"9 

70. An imaging method comprising: 

a step of forming an image of a first surface onto a second surface by use of the catadioptric projection optical 
system according to any one of claims 57 through 65. " "f'u^ai 
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because they relate to subject nutter I 



I lequired to be scaxcbed by this Auihori^, namely: 



I I Claims Nos.: 

because Ihey relate to pam of the international application thai do not comniw : ^. 



1 □ aabnsNoa.: 

becMne diqr BC dcpoMian eUmi nd are OM 



b> lowdm «riih Uw acooad nd iMiduMcnecs oTRtile 



6.4(«). 



I Bwt n OlwtrvitlMs where wKy «f Mwtjga U hctet (CWrtfa —Hoa of Hod 2 oflSnt tkctt) 

I Thii tnumtioiMl Seaiching Awhoriqr finmd maliiple invemioiis in din intemuiotul ipplicaiion. u follow, " 

1. The xnvention of clai» 1 relates to a projection ex^sure apparatus 

ro^r^fin^«*"/^^"'2^"^^"" "P"'^*' 'y"^'" fo'^ illuminatingTmask on Which I 
a pattern is formed and a projection optical system for forming the imaae 
of the pattern on a work based on radiation from the mask, and involvina a ' 

projection optical systei is provided ^itS 
L'pierf^arL^^^e:^ ""'^ " "fraction lenses and^t least^? 

claims^^""^ ^ ^° ^ '""^ dependent claims referring to claim 1 and subsequent j 
The invention of claim 10 relates to an exposure method for forming the 
1. O A.JI»qut«d«ldlUonM««n*feow«tlmelyp.idbyil»wBe«Ud.ism 

.. claims. ' 
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[3. Q ^^^b' some ofiheiequiMd additional search fees wens dn^^ 

only those claims for wMch feet wem paid, speelfically claims Nos.: 



I 4. □ Noi«jui«dadditionalsearchf«s*efcUmelypatdbytheapplia^ 

resukted to the invention fiist mentioned In the claims; it is covered by claims Nos.: 
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C:QDl;Anvia1;Apn fiox Wo. U of continuation of <; lrBt sheet ) 

image of a pattern on a work by using a projection exposure apparatus stated 
in any one of claims 1 to 9. 

2. The invention of claim 11 relates to a refraction reflection optical 
system comprising a first image- forming optical system including a concave 
mirror, a second image-forming optical system including an aperture stop, 
and a reflecting surface, and involving a special technical feature that 
an intermediate image is formed on a first surface by the first image-forming 
optical system, a re-foxmed image of the intermediate image is formed on 
a second surface by the second image-forming optical system, the reflecting 
surface is so disposed as to direct the light beam from the first 
image-forming optical system to the second image-forming optical system, 
and the reflection refraction optical system has at most 15 refraction lenses 
and at least four, aspherical surfaces. 

Claim 12 is a dependent claim referring to claim 11. 

3 . The invention of claim 13 relates to a projection eitposure apparatus 
comprising an illumination optical system for illuminating a mask on which 
a pattern is formed and a refection refraction projection optical system 
for forming the image of the pattern on a work based on light from the mask, 
and involving a special technical feature that the projection optical system 
has a lens component and a concave reflecting mirror both being so positioned 
as to substantially correct the chromatic aberration of the projection 
optical system with respect to the illuminating light. 

Claims 14 to 26 are dependent claims referring to claim 13 and subsequent 
claims. 

Claims 45 and 46 are dependent claims referring to claim 13 and subsequent 
cxaxms • 

Claim 47 is a dependent claim referring to claim 45. 

4 . The invention of claim 27 relates to a projection exposure apparatus 
comprising an illumination optical system for illuminating a mask on which 
a pattern is formed and a refection refraction projection optical system 
for forming the image of the pattern on a work based on light from the mask, 
and involving a special technical feature that the projection optical system 
has an optical member having a refractive power and a light- transmit ting 
optical member disposed near the mask so as to isolate the optical member 
having refractive power from the external atmosphere, and the interval 
between the mask and the light-transmitting optical member along the optical 
axis of the projection optical system is 50 mm or less. 

Claims 28 to 44 are dependent claims referring to claim 27 and subsequent 
claims. 

5. The invention of claim 48 relates to a projection exposure apparatus 
comprising an illumination optical system for illuminating a mask on which 
a pattern is formed and a refection refraction projection optical system 
for forming the image of the pattern on a work based on light from the mask 
and involving a special technical feature that the projection exposure ' 
apparatus further comprises a first image-forming optical system including 
a concave reflecting mirror disposed along a first optical axis and a 
refracting optical member and adapted for forming an intermediate image of 
the pattern, a second image-forming optical system including a refracting 
optical member disposed along a second optical axis and adapted for forming 
a reduced image of the intermediate image on the work, a first light path 
bending member disposed between the first and second image- forming optical 
systems, and a second light path bending member disposed between the light 
path bending member and the second image-forming optical system, the first 
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and second optical axes are parallel to each other, and no refraction ootical 

and second optical pat^b^^ndL^^^^^ 
cjLaim 4» is a dependent claim referring to claim 48. 
The invention of claim 50 relates to an expoaare method for I 

a second lma,e-for»ang optica! systeale eLtitlal%^^h??Jch'„l^^^^^ fe'atuJel 
of ^^L'T'"'^*^^ Inventlone Of iten. 2. and inessential to the group of inventions 
of itea 1 . The two groups have no common premise ootieai aw««-»m I-hZ^^*^2 
involve no common special technical fP*^"*! system, and therefore | 

According to the group of inventions of item 2.. the number of i»n<.»a 
-nSnt!"?^^*''*"' refraction reflection optical 8y;tem L,d^^°4i"o/ 
o? f^f» , specified, while according to the group of inventions 

* V ^^T^ - specified . The two groups have no conuion spell fil 

constituent elements of the refraction reflection optical system? and 
therefore Involve no common special technical features! 
tech°KrSturel/"*" '""^ inventions involve no common special 

Therefore, there is no technical relationship among the arouoa of 
inventions of items 1 . to 5 . involving one or more of the same speliirtechnlcal 
features in accordance with PCT Rule 13.2. speciaa cecnnical 

Hence, the groups of inventions of items 1. to 5. are not so linked as 
to form a single general inventive concept. iiniced as 
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